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ABSTRA CT 
J o p st s

The oxidation of refractory borides, graphites andiT composites,
hypereutectic carbide-graphite composites, refractory metals, coated
refractory metals, metal oxide composites, and iridium coated graphites
in air over a wide range of conditions was investigated over the spectrum

of conditions encountered during reentry or high velocity atmospheric flight,
as well as those employed in conventional furnace tests. Elucidation of the
relationship between hot gas/cold wall (HG/CW) and cold gas/hot wall (CG/HW)
surface effects in terms of heat and mast transfer rates at high temperatures
was a principal goal.

Arc plasma exposures have been performed at Mach Numbers between
0. 1 and 3.2 stagnation pressures between 0. 01 and 1. 0 atm., stagnation en-
thalpies up to 16,000 BrU/Ib, cold wall heat flux up to 1200 BTU/ftsec, ex-
posure times up to 23,400 seconds and surface temperatures between 21000

and 6500 F. Data include material recession, metallographic and X-ray
analysis, radiated heat flux and normal total emittance. In addition, color
motion picture coverage was provided. Materials forming solid oxides show
lower recessions in the HG/CW tests at a stated surface temperature than in
CG/HW tests, The rtverse is true for ablating materials. Temperature gra-
dients of 800 to 1500 F through 30-50 mil oxides are observed. The practical
implications of this finding are substantial (if the gradients exist under free
flight conditions). Since the temperature level experienced by the substrate is
substantially below that predicted, strength and load carrying capacity of the
substrate would be much higher than for the case where gradients are ignored.
Long-time cyclic exposures of diboride composites in the Model 500 and
ROVERS facilities for trajectories typified by FDL-7MC provide a striking
illustration of the reuse capability of boride composites for lifting reentry
applications.

A HfB2 +SiC composite was exposed for thirteen cycles at 0. 07 atm
(1 psi) stagnation pressure, a sta nation enthalpy of 10,200 BTU/lb and a
cold wall heat flux of 495 BTU/ft sec. Each cycle was about 1800 seconds
long with S total exposure time of 22,500 seconds at a surface temperature
near 5300 R. Total material recession was 15 mils. A ZrB2+SiC composite
was exposed for four cycles at 1.0 atm (15 psi) stagnation pressure, a stag-
nation enthalpy of 5000 BTU/lb and a cold wall heat flux of 380 BTU/ft2 sec.
Each cycle was 1800 seconds long, total exposure time was 7200 seconds.
The surface temperatures were near 5000 R. Total material recession was
26 mile. Under similar conditions graphite and tungsten would exhibit re-
cessions of 7 to 14 inches.

These results illustrate the reuse capability of boride composites for
lifting reentry application, since they exceed the range of conditions for FDL.-
7MC. This capability is unrivaled by any other materials system.

Surface temperatures calculated from stream conditions and radiation
equilibrium agree with observed temperatures on melting. When solid coatings
are present, surface temperatures are below computed values. Silicon car-
bide bearing materials achieve lower temperatures than predicted from stream
conditions and exhibit superior behavior.

This abstract is subject to special export controls, and each trans-
mittal to foreign governments or foreign nationals may be made only with
prior approval of the Air Force M.'terials Laboratory (MAMC), Wright-
Patterson Air Force Base, Ohio 45433.
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I. INTRODUCTION AND SUMMARY

A. Introduction

The response of refractory materials to high temperature
oxidizing conditions imposed by furnace heating has been observed to
differ markedly from the behavior in arc plasma "reentry simulators."
The former evaluations are normally performed for long times at fixed
temperatures and slow gas flows with well defined solid/gas-reactant/
product chemistry. The latter on the other hand are usually carried out
under high velocity gas-flow conditions in which the energy flux rather
than the temperature is defined and significant shear forces can be en-
countered. Consequently, the differences in philosophy, observables
and techniques used in the "material centered" regime and the "envir-
onment centered-reentry simulation" area differ so significantly as to
render correlation of material responses at high and low speeds diffi-
cult if not impossible in many cases. Under these circumstances, ex-
peditious utilization of the vast background of information available in
either area for optimum matching of existing material systems with
specific missions or prediction and synthesis of advanced material sys-
tems to meet requirements of projected missions is sharply curtailed.

In order to progress toward the elimination of this gap,
an integrated study of the response of refractory materials to oxida-
tion in air over a wide range of time, gas velocity, temperature and
pressure has been designed and implemented. This interdisciplinary
study spans the heat flux and boundary-layer-shear spectrum of con-
ditions encountered during high velocity atmospheric flight as well as
conditions normally employed in conventional materials centered in-
vestigations. In this context, significant efforts have been directed
toward elucidating the relationship between hot gas/cold wall (HO/CW)
and cold gas/hot wall (CG/HW) surface effects in terms of heat and mass
transfer rates at high temperatures, so that full utilization of both types
of experimental data can be made. The elucidation of mass transfer
reactions has been studied in regimes where gaseous and solid oxide
formation occurs.

The principal goal of this study is the coupling of the
material-centered and environment-centered philosophies in order
to gain a better insight into systems behavior under high-speed
atmospheric flight conditions. This coupling function has been pro-
vided by an interdisciplinary panel composed of scientists represent-
ing the component philosophies. The coupling framework consists of
an intimate mixture of theoretical and experimental studies specifically
designed to overlap temperature/energy and pressure/velocity condi-
tions. This overlap has provided a means for the evaluation of test
techniques and the performance of specific materials systems under a
wide range of flight conditions. In addition, it provides a base for
developing an integrated theory of modus operandi capable of translating



reentry systems requirements such as velocity, altitude, configuration
and life tim-ne into requisite materials properties as vaporization rates,
oxidation kinetics, density, etc. , over a wide range of conditions.

The correlation of heat flux, stagnation enthalpy, Mach
No., stagnation pressure and specimen geometry with surface tempera-
ture through the utilization of thermodynamic, thermal and radiational
properties of the material and environmental systems used in this study
was of prime importance in defining the conditions for overlap between
materials-centered and environment-centered tests.

Significant practical as well as fundamental progress along
the above mentioned lines necessitated evaluation of refractory mater-
ial systems which exhibit varying gradations of stability above 2700 0 F.
Emphasis was plan-ed on candidates for 34000 to 6000°F exploitation.
Thus, borides, carbides, boride-graphite composites (JTA), JT com-
posites, carbide-graphite composites, pyrolytic and bulk graphite, PT
graphite, coated refractory metals/alloys, oxide-metal composites,
oxidation resistant refractory metal alloys and iridium-coated graphites
were considered (See Table 1). Similarly, a range of test facilities and
techniques including oxygen pickup measurements, cold sample/hot gas
and hot sample/cold gas devices at low velocities, as well as different
arc plasma facilities capable of covering the 50-2500 BTU/ftsec flux
range under conditions equivalent to speeds up to Mach 12 at altitudes up
to 200, 000 ft were employed. Stagnation pressures between 0.001 and
10 atnsopheres were covered. Splash and pipe tests were pea'formed in
order to evaluate the effects of aerodynamic shear, Based on the present
results, this range of heat flux and stagnation enthalpy produced surface
temperatures between Z000° and 6500 F.

B. Summar,

The present report is one of a series (1 - 6)" and describes
the results of Hot Gas/Cold Wall exposures performediat Avco/SSD and
at the Wave Superheater Arc Tunnel of Cornell Aeronautical Laboratory.
The testing at Avco/SSD wau performed under the direction of H. Hoercher.
J. Recesso, R. Broughton and R. Abate were actively engaged in per-
forming these tests. Exposures were carried out in the Model 500, ROVERS
and Ten Megawatt Arc Facilities. The range of conditions employed in
these tests covered stagnation pressures between 0.002 and 4.0 atm., stag-
nation enthalpy between 2000 and 16, 000 BTU/lb, cold wall heat flux between
100 and 1500 BTU/ft2 sec and exposure times between Z0 seconds and 23, 000
seconds. A full spectrum of diagnostic measurements incliding surface
temperature and radiated heat flux was continuously monitored during the
exposures. Complete color film coverage were reported for selected
models. A complete description of the techniques employed in these tests
nias been presented (3).

Lnderscored numbers in parentheses indicate references given at the
eIid of this report.
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Testing in the Cornell Wave Supcrileater was performed
under the direction of S. Tate, D. Colosimo and K. Graves. The
Wave Superheater offers the possibility of exposing samples at very high
velocity for short times. The heat flux levels can be varied by changing
the position of the specimen relative to the nozzle. In this maanner variable
heat flux/temperature levels can be attained. Multiple-sample runs can
be made using samples in the size range programmed. CAL furnished
data on gas enthalpy, heat flux, surface temperature, stagnation pressure
as well as colored motion pictures of the test samples. A complete
description of testing methods has been presented (3). All test samples
were returned to ManLabs for post-mortem metallo'graphy conducted
under the direction of H. Nesor.

Current results for boride-base materials indicate sub-
stantially lower recession rates in the HG/CW arc plasma tests than in
the CO/HW furnace tests. This difference is most striking for HfB 2 . I
(A-2) and ZrBZ(A-3) where an order of magnitude difference is observedat surface temperatures of 40000F. This difference is reduced by the

addition of SiC to the boride. Thus, the HG/CW and CGC/IW results for
HfB2 + SiC(A-4) and (A-7) agree more closely than do the corresponding
data for the pure diborides. Results of"in-depth" temperature measurements
during arc plasma tests indicate that these differences are principally
due to temperature gradients through the oxide. Direct measurements
indicate that temperature gradients of 1500 F can exist through a 100
mil wall thickness of boride plus oxide.

Gradients have also been observed for HfBZ ,(A.2) and
ZrB2(A-3) in the high velocity CG/HW tests (5). In these tests the
temperature of the CG/HW interface is lower-than that of the substrate.
Moreover, the rate of oxidation observed in these high velocity CG/HW
tests agreed with results of CG/HW furnace tests (in which virtually no
gradients exist) run at temperatures corresponding to the surface
temperatures observed in the high velocity CG/MW tests. In the IG/Cw
arc plasrma tests, however, the temperature is highest at the HG/CW
interface. The rate of oxidation observed in theparc-plasma tests at a
stated HG/CW surface temperature is much less than that observed in
furnace tests at the same surface temperature. Moreover, the gradients
appear to exist for long periods of time. These findings are in general
agreement with the deductions based on post-mortem metallography and
comparison of arc plasma and furnace oxidation tests. The figure shown
below offers a schematic representation of the behavior of oxide forming
refractory materials in the CG/HW and HG/CW tests.

The central figure represents the oxide and matrix of a
solid oxide forming material (i.e. , HfB. Io(A-2), ZrB2(A-3) or Hf-20Ta-
ZMo(1-23) in a CG/HW furnace test at 39000 R. The temperature distribution
across the oxide and matrix zones is assumed to be constant. In the figure
at the right, which represents the temperature gradients through a high
velocity CG/HW sample (inductively heated), the temperature is lowest at
the CG/HW surface. Conversely, in the figure at the left representing a
HG/CW arc plasma test sample, the temperature is highest at the HO CW
surface. These schematic figures suggest, that if the observed recession
is limited by the minimum temperature in the oxide (where diffusion rates
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I
of oxygen and components of the substrate would be slowest) the present
HG/CW and high velocity CG/HW results could be brought into line with
the CG/HW furnace results where temperature gradients are largely
absent.

SCHEMATIC REPRESENTATION OF

MINIMUM OXIDE TEMPERATURE LIMIT CRITERION

TEMPERATURE OR

___MATRIX OXIDE

3900* R

ARC PLASMA FURNACE HIGH VELOCITY
TEST TEST CG/HW

HG/CW CG/HW TEST

The practical implications of this finding are quite sub-
stantial since if thin layers of these solid oxides can result in such large
gradients (and if the gradients exist under free flight conditions), the
temperature level experienced by the substrate is substantially below the
temperature at the HG/CW surface. Under such circumstances, the pre-,
dicted strength and load carrying capacity of the substrate would be much
higher than for the case where gradients are ignored.

As a direct illustration of the implications of these findings

a number of long-time cyclic exposures of diboride composites have been
performed in the Model 500 and ROVERS facilities to evaluate reuse
capabilities for trajectories typified by FDL-7MC which is shown in the
figure below. The results provide a striking illustration of the reuse
capability of these materials for lifting reentry applications.

Sample HfB + 20J6SiC(A-7)-Z8R was exposed for thirteen
cycles at 0.07 atm (I psi) siagnation pressure, a stagnation enthalpy of
10,Z00 BTU/lb and a cold wall heat flux of 495 BTU/ft 2 sec. Each cycle
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was about 1800 seconds long with a total exposure time of 2Z,500 seconds.
The burldce Le•iper'Lure i±uiceatsed frviii une cycle to Lhe next sLur'izig
at 3500OR and holding near 5300°R for cycles 5 through 13. Total material
recession was 15 mils after this extremely long exposure. Sample ZrB2. 1 +
20%SiC(A-8)-15M was exposed for four cycles at 1.0 atm (15 psi) stag-
nation pressure, a stagnation enthalpy of 5000 BTU/lb and a cold wall heat
flux of 380 BTU/ftZsec. Each cycle was 1800 seconds long, total exposure
time was 7200 seconds. The surface temperatures were near 5000 R.
Total material recession was 26 mils. Finally, sample ZrBZ+SiC+C
(A- 10)-26R (which is not illustrated on the accompanying figure) was exposed
at 0.236 atmospheres (3 psi) stagnation pressure, a stagnation enthalpy
of 7700 BTU/lb and a cold wall heat flux of 455 BTU/ft 2 sec. This test
covered eleven cycles of approximately 1800 seconds duration for a total
exposure time of 18, 900 seconds. Surface temperature held near 5100 0 R
after the first cycle. Total material recession was 83 mils.

These results illustrate the reuse capability of boride com-
posites for lifting reentry application, since their range of applicability ex-
ceeds the range of conditions and flight times of the FDL-7MC trajectory
shown above. This capability is unrivaled by any other materials system.

The candidate ZrBZ(A-3) material did not exhibit any thermal
stress failures at flux levels as high as 950 BTU/ftsec. However, Boride
Z(A-5) exhibited thermal shock cracks after exposure at flux levels above200-250 BTU/ft~sec.

B2tide composites HfB2+20J/SiC(A-4) and (A-7), and ZrB2+

207oSiC(A-8) were found to exhibit remarkable oxidation and thermal stress
resistance in HG/CW arc plasma tests. Although these materials display
temperature gradients in the oxides, the difference between the arc plasma
and furnace oxidation depths are small. The adherent oxide which forms
on these composites results in low recessions observed after exposures
in the 3 5 0 0 0- 4 5 0 0 F temperature range. In addition, (A-4) exhibited no
thermal shock failures at flux levels up to 1000 BTU/ftZsec. Radiation
equilibrium calculations performed for exposures of these materials showed
that the ratio T(CALC)/T(OBS) for (A-2), (A-3) and (A-4) exceeds unity thus
the observed temperature was 16% lower than expected for (A-2), 9%
lower than expected for (A-3) and 22% lower than expected (based on
radiation equilibrium) for (A-4). Similarly, the other boride composites
containing SiC, i.e., HfB 2+2076SiC(A-7), ZrB2 +207/SiC(A-8) and HfBz+
357%SiC(A-9) yielded ratios of 1.25, 1.34 and 1.17. Moreover, exposure
of hemispherical models exhibited lower surface temperatures than those
observed for flat faced cylinders.

Examination of HfBZ+SiC(A-7) after 14,030 seconds exposure
in eight-1800 second cycles at a stagnation pressure of 1.03 atmospheres
a cold wall heat flux of 450 BTU/ftZsec and an enthalpy level of 4180
BTU/lb, showed a total recession of 329 mils or about 0.32 inches. Under
similar conditions graphite and tungsten would exhibit recessions of 14 to
28 inches. ZrB2 +2070SiC(A-8) displays all of the same features shown by
Mr2=1C(A-7) although it is not as refractory as its hafnium base counter-

part. However, the decrease in temperature resistance is compensated
for by the reduced density and cost. Zirconium diboride is roughly one
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half the density and one tenth the price of hafnium tdiboride. Measurements
of the temperature gradients through oxide coatings formed on ZrBZ+SiC
(A-8) yielded results which are smaller than exhibited by ZrB2 (A-3). This
finding appears to be due to the higher thermal conductivity of the oxide
formed on (A-8) (as compared with (A-3)). ZrBZ+SiC(A-8) exhibits the
same tendency to develop low temperatures as (A-4) and (A-7). The be-
havior of HfB2+35JoSiC(A-9) was found to be similar to (A-4) and (A-7). The
major difference is that (A-9) is less refractory than (A-4) and (A-7).

Recession rates observed for graphites in HG/CW arc plasma
tests are substantially higher than thos observed in CG/HW furnace tests at
1-9 ft/sec in air flow rate. This indicates that the latter are supply limited.
The results of high velocity CG/HW tests on graphite at air flow rates near
250 ft/sec approach the results obtained in the arc plasma exposures. Modest
temperature gradients were measured through graphite samples during HG/CW
tests. Limiting survival conditions for Si/RVC(B-8) determined under HG/CW
conditions depart from the behavior in furnace tests and correspond to the fail-
ure characteristics observed for silicon carbide in HG/CW tests. In the arc
plasma tests, Si/RVC(B-8) exhibits protective oxidation up to surface temper-
atures near 3800 0 F, some 700°F above the failure temperature in furnace
tests. Graphite-type behavior occurs above this temperature. The recession
rates of all of the graphites are inversely proportional to material density.

Hypereutectic carbides HfC+C(C-11) and ZrC+C(C-12) exhibited
excellent oxidation resistance at surface temperatures below 50001F and
melted under very high temperature conditions in line with reported melting
points. The present resulti, are consistent with the eutectic temperatures but
show little dependence on the melting point of the oxides. Current data indi-
cate comparable oxidation rates in the CG/HW and -IG/C tests. No thermal
shock failures were noted at flux levels up to 750 BTU/ftfsec. In line withthe
oxidation behavior noted in furnace tests, the HG/CW arc plasma tests show a
"puffy" oxide which forms at the lower temperatures investigated. This oxide
has been noted in air oxidation tests performed in furnaces below 3400 0 F.
Rapid oxidation occurs at the back of samples where the surface temperature
is lower than at the front face. This is another characteristic of the HfC+C
(C-11) oxidation which is in line with the furnace test results (4). The oxida-
tion behavior of samples containing 13. 6 w/o C does not appeasr to differ
materially from samples fabricated from the billets which contain 14. 0 to
15. 6 w/o carbon. The behavior of ZrC+C(C-lZ) in the HG/CW arc plasma
tests was found to be similar to that of HfC+C(C-11).

KT-SiC(E-14) exhibited rapid recession rates at surface
temperatures above 3900 0 F. This is some 400 0 F above the limit observed
in furnace tests and in line with the results obtained for Si/RVC(B-8).

Composites of borides, carbides and graphites including
ZrB2+SiC+C(A-10), JTA(C-ZrB2-SiC)(D-l 3), JT099Z(C-HfC-SiC)(F-1 5)
and JT0981(C-ZrC-SiC)(F-16) exhibited HG/CW tests results which were
comparable to their C0/I-1W behavior. At elevated temperatures, destruction
of the protective oxide coatings leads to graphite-type recession behavior.
ZrB2+SiC+C(A-1O) exhibits the best oxidation resistance in this group owing
to the fact that is is a boride-base rather than a graphite base composite. It
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also shows lower recession rat4es. in thp T4( !C.W tests than in the CG/HW
tests as is the case for ZrBZ(A-3). Melting of ZrBZ+SiC+C(A-10) is en-
countered near 5000 0F where substantial differences between low pressure
and one atmosphere oxidation rates are observed. Thermal shock failures
were not observed at flux levels up to 1010 BTU/ftZsec. The low density
(4.5 gms/cm3), high strength, low modulus and good machinability ex-
hibited by this composite, when coupled with its ox2 dation resistance up
to 5000 0 F, offer an exceptional combination of properties.

In general, the behavior of the (A- 10) composite is quite
similar to that exhibited by (A-4), (A-7) and (A-8). Although (A-10) is
not as refractory as (A-4) and (A-7) the lower density, cost, thermal stress
resistance and machining characteristics of this composite provide com-
pensating advantages for application in reusable lifting reentry spacecraft.

Extensive precautions were taken in order to insure that
temperaturn measurements of the model surface are accurate. In general,

the comparison of observed surface temperatures in HG/CW arc plasma
tests with values calculated from stream conditions are in relatively good
agreement. Moreover, a number of temperature measurements employing
two color pyrometers yielded good resul-s. Additional verification was
obtained by measuring the melting points of tungsten and molybdenum in
the arc facilities using pure nitrogen streams for comparison with accepted
values. The relatively good agreement obtained in these tests should elirminate
concern over the accuracy of surface temperature measurements due to
interference of the arc with optical observations.

A substantial number of thermal shock failures of JTA(D-13)
and JT0981(F-16) have been observed. For JTA(D-13), the se failures
occurred in random fashion at flux levels above 500 BTU/ft' sec. The
samples which failed by thermal shock were machined from 2-1/2" dia-
meter x 2" long billets of JTA(D-13) in an orientation which corresponded
to the hot pressing direction. Thus, the axis of the arc plasma test sample
was parallel to that of the hot pressed cylinder. Under these conditions,
residual strain present in the billets and in the samples could provide a
source of the failures. However, a series of samples oriented with their
axes perpendicular to the pressing direction showed no thermal shock
failures at flux levels in excess of 500 BTU/ft 2 sec. This finding has
particular relevance to applications in which JTA(D-13) parts are exposed
to severe environmental heat fluxes. JT0992(F-15) did not exhibit sensitivity
to thermal shock.

The behavior of these compositss is charac erized by low
recession rates at temperatures bet.reen 3000 F and 4000 F, best illustrated
in ZrB2 +Siý+C(A-10) and JT0992(F-15) at temperatures up to 4500 0 F.
Above 5000 F, the protection afforded by formation of ZrO2 (or HfO.) and
SiO2 is eliminated and oxidation rates which are characteristic of graphite
are encountered.

Failure limits for the coated refractory metals WSi 2 /W
(G-18) and Sn-A./Ta-IOW(G-19) have been established in general agree-
ment with furnace tests. Maximum survival conditions for WSi 2 /W(G-18)
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are 450 BTU/ft 2 sec and 3100 BTU/lb at Pe = 1 atm. At lower pressures, I

failure was observed at 458 BTU/ft2 sec and 11,420 BTU lb. Coatingc
failure conditions were established for Sn-Al/Ta-lOW(G-19) at lower flux
and enthalpy levels. Modest temperature gradients were measured
through WSiZ/W(G-18) arc plasma test samples.

Current results for W+Zr+Cu(G-20) indicate relatively good
resistance to oxidation at 10,000 BTU/lb and 500 BTU/ft 2 sec at 0. 100 atm.
However, at I atmosphere stagnation pressure, very rapid degradationwas
observed at much lower flux and enthalpy levels. This behavior indicates
that the mechanism of degradation is sensitive to pressure in the 0. 1-1.0
atmosphere range. The precise nature of the degradation mechanism
which is operative is not clear at present. The results obtained for W+Ag
(G-21) in the Model 500 tests at stagnation pressures of one atmosphere
were comparable to the results for (G-20).

The silica-tungsten composites SiO 2 +68. 5 w/o W(H-22) and
SiO2 +60 w/o W(H-23) exhibited similar recession behavior in the one at-
mosphere HG/CW arc plasma tests as encountered in the CG/HW furnace
tests. At low pressures, higher recession rates were observed due to
instability of SiO2 relative to SiO. At temperatures above 40000F, exten-
sive flow of this composite was observed, in agreement with the furnace
test findings. Samples exposed at one atmosphere showed sting hole
cracking.

Arc plasma exposures of Hf-2OTa-ZMo(I-25) exhibited lower
oxidation rates than in the Ca/HW tests at comparable surface tempera-
tures. In addition, several samples with indicated surface temperatures
in excess of the melting point of the alloy did not melt. Current results
indicate that gradients of 15000F can exist through 100 mils of alloy and
oxide. This behavior is the basis for the surface temperature in the 40000-
50000F range which were not accompanied by melting of the alloy.

Hf-Ta-Mo(I-23) was exposed to seven cyclic exposures at a
stagination pressure of 1.05 atmospheres, a stagnation enthalpy of 3300
BTU/lb and a cold wall heat flux of 410 B TU/ft sec. The observed sur-
face temperature was 4230'F and a recession of 138 mils was observed
after an exposure of 11,600 seconds in cycles of 1800 second duration.
This behavior is not quite as good as that exhibited by ZrB 2 +Z0%SiC(A-8)

,1 oor ZrB +SiC+C(A-IOJ which were exposed under more severe conditions than
(1-23)-&gYM and exhibited less recession. Nevertheless, Hf-ZOTa-ZMo
(1-23) ismetallic and as such offers advantages as regards fabricability
and resistance to thermal stress. On the other hand (A-8) and (A-10)
possess higher strength and more temperature capability than (1-23). Hf-
20Ta-ZMo(I-Z3)was also exposed to a 4 cycle exposure at a stagnation pres-
sure of 0. 132 atm, an enthalpy of 7600 BTU/lb and a cold wall heat flux of
398 BTU/ft 2 sec. Total exposure time was 7220 seconds yielding a reces-
sion of 55 mils, As indicated above, boride composites exposed to more
severe conditions in the ROVERS facility exhibited less recession. How-
ever, the behavior of Hf-Ta-Mo(I-23)-38R is outstanding for a metallic
structure.
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Present results for Ir/C(I-24) are in general agreement with
the CG/HW tests, which showed that iridium exhibits very low oxidation
rates up to its melting temperature at 4430 0 F. The temperature of the
iridimun-carbon eutectic is 4175 F. Samples exposed to higher conditions
exhibited melting of the coating and ablation of the graphite. The major
drawback of this coating isystern is the low emittance of the iridium
(c = 0.30). However, addition of HfOZ raised the emittance to values
near 0.50 and extended the range of conditions under which the coating
can be used. Thus the pure coating is destroyed at flux levels in ex-
cess of 310 BTU/ft sec. At flux levels below 300 BTU/ft sec the coat-
ing is hardly affected; however, at higher levels, melting followed by
rapid ablation occurs. In contrast, when HfOZ is added to increase the
emittance, failure does not occur until the flux level reaches 510 BTU/
ftZsec. Thus, although Ir/C(I-24) has excellent temperature capability
to temperatures near 4200°F, it has very low resistance to stream con-
ditions. In fact if heat flux/enthalpy characteristics are used as a yard-
stick, Ir/C(I-24) ranks below §i/RVC(B-8), even though the latter has
a temperature limit near 3Z00 F.

Temperature gradients have been measured through 100 and
400 mil walls of ZrBZ(A-3), HfB2 1 +20%SiC(A-7), ZrBZ+Z0%SiC(A-8),
ZrBa+SiC+C(A-10), RVA(B-5), W§iZ/W(G-18) and Hf-ZOTa..-Mo(I-23).
Calculations of the temperature gradients through the test cylinders
described have been presented. These calculations are based on side
losses due to radiation and conduction down the length of the model but
no heat loss via conduction. In general, relatively good agreement be-
tween observed and calculated temperature gradients has been obtained
in view of the simple model employed.

Measurements of total normal emittance have been provided
for all of the candidate materials based on radiated heat flux observa-
tions during HG/CW exposures. Averaged values obtained for solid ox-
ides formed during exposure are higher than normal emittance values
observed for melting surfaces. Comparison of calculated surface tem-
peratures based on stream conditions with those observed yields rela-
tively good results. However, systematic differences worthy of note
have been observed. Calculated temperatures are quite close to those
observed when melting occurs, but when solid coatings are present, actual
temperatures are below values computed from stream conditions and the
assumption of radiation equilibrium. Moreover, materials containing
silicon carbide achieve lower surface temperatures during exposure than
predicted on the basis of stream conditions. As a consequence, the over-
all behavior of these materials under HG/CW conditions appears to be
better than under CG/HW furnace test conditions.

The present results illustrate the difference between solid
oxide formers and graphites. The latter group exhibit increasing oxi-
dation rates with increasing pressure while the former show little pres-
sure effect. When the solid oxide formers are exposed to stream condi-
tions at one atm, which result in surface temperatures below their
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xnelting points, they exhibit recession rates 100 to 1000 times less than
graphites do under comparable conditions. Coated metals and silicon
carbide degrade at temperatures comparable to those observed in CG/IHW
furnace tests. These limits are due to melting or rapid vaporization.
However, at a given surface temperature, the solid oxide formers ex-
hibit Yr.Luch lower recession rates under HG/CW arc plasma test condi-
tions than in a CG/H-IW air oxidation furnace test. This may be due to
large temperature gradients across the oxide which occur in the HG/CW
arc plasma tests than in the CG/I-W furnace tests due to artificial oxy-
gen supply limits imposed by the air flow limitations of the latter tests.

Ten Megawatt Arc exposures of 1/2" diameter and 7/8"
diameter cylinders of diboride materials have been employed in splash
tests to establish thermal shock thresholds at stagnation pressures of
4.3 atm under Mach 2 flow conditions. The best results were obtalped
with HfBZ+SiC(4-4) and (A-7), which survived fluxes at 950 BTU/ft sec
and 790 BTU/ftfsec at 1/2" and 7/8" diamete •s respectively. Failures
were noted at 970 BTU/ft sec and 840 BTU/ftPsec for the 1/2" and 7/8"
diameter cylinders. A limited number of ten megawatt arc pipe tests
were conducted in order to evaluate the combined effects of exposure to
heat flux and high shear. Unfortunately one design aspect of the test
generated a substantial thermal stress condition which caused this fail-
ure mode to dominate. SI/RVC(B-8) was found to be more thermal
stress resistant than boride composites while ZrB2 +SiC+C(A-10)
proved most thermal stress resistant of all of the boride composites
exposed in the pipe tests.

Sixteen samples were exposed to Mach 6 tests in the Cornell
Aeronautical Laboratory Wave Superheater Tunnel, including HfB? 1'
ZrB2 , HfBZ+SiC, RVA, PG, BPG, JTA, KT-SiC, JT0992, JT0981, W,
Sn-AI/Ta-1OW and Hf-ZOTa-ZMo. Stagnation pressure and enthalpy levels
of one atmosphere and 2200 BTU/lb at a cold wall heat flux level of 600
BTU/ftsec were applied to one half inch hemispherical cap specimens.
Total exposure time was 15 seconds. Radiometer measurements of sur-
face temperature indicated that the heat up time was much shorter than
calculated, but surface temperature levels achieved compared
reasonably with computed levels near 4000 0 F. In contrast, a one inch
hemispherical cap Hf-2OTa-ZMo alloy showed evidence for melting (melt-
ing temperature, 3850 0 F) while a one half inch diameter cap of the same
material showed no signs of melting and little oxidation.
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II. RESULTS OF HG/CW ALRC PLASMA TESTING IIN THE AVCO
MODE!. B08 AND ROVERS FACILITIES

A. Introduction

More than 700 arc plasma exposures (HG/CW) have been
performed in the Avco-SSD Model 500 and ROVERS (Radiation Orbital
Vehicle Re-entry Simulator) in air between Mach 0. 1 and 3. 2. Almost
all of the candidate materials listed in Table 1 were tested. Detailed
descriptions of the testing facilities and techniques employed are given
in Part II-Volume III of this series ( 3 ). Stagnation pressures and
enthalpies ranged between 0.01 and rI-mosphere and 1,000 to 16,000
BTU/lb, respectively. Cold wall heat fluxes between 35 and 1200 BTU/
ft 2 sec were employed for times up to 1800 seconds per test with aggre-
gate times of up to 23,400 seconds per sample for those undergoing
multiple exposure tests. Surface temperatures ranging between 1700
and 7000 F were generated and radiated heat flux measurements were
performed in order to obtain estimates of normal total emittance for
the candidate materials. Post-mortem metallographic and x-ray studies
have been employed to characterize material behavior. The HG/CW
arc plasma exposures are compared with CG/HW air oxidation test
results reported in Part Ill-Volume I of this series ( 4 ). The results
of temperature gradient measurements through oxideJni ms formed during
exposure are presented for flat-faced, hemispherical tipped and shrouded
Fiamples of several of the candidate materials. These results are compared
with theoretical calculations based on stream conditions and material
properties. A theoretical correlation of material performance with stream
conditions is presented in Part IV-Volume I of this series ( 7.).

B. Presentation of Arc Plasma Test Conditions and Results

The test conditions and results are presented in Tables 2-39.
A description of the facilities and techniques for performing measurements
of stream conditions and sample temperatures is presented elsewhere ( 3_).
The tabulated information presented for each exposure includes the Mac-
number, stagnation pressure, P , stagnation enthalpy, ie, initial dia-
meter of the samples, cold wall teat flux, q ., and the observed sur-
face temperature. The latter values were obtained by employing the
emittance values for k = 0.65L which are contained in Tables 2-39 for
each material. It should be noted that employing a constant valua of
emittance at X = 0.6511 for the wide range of temperatures and pressures
encountered in the present tests represents an over- bimplification. How-
ever, the current values are employed as a first approximation to the
problem at hand.

In addition to the foregoing, Tables 2-39 contain measure-
ments uf the surface radiation, q , and the total normal emnittance, ENo
computed on the basis of Eq. (1):

=N qr(BTU/ft"sec) (0.47)1' (TOR/1000)' 4  (1)
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Measurements of surface radiation emitted from samples
having 1/2 inch diameter faces requires special alignment of the optical
system. Initial measurements in the ROVERS facility were performed
with an optical system which was designed for measuring surface radia-
tion from 3/4 iiih diameter models. These measurements are expected
to be lower than values obtained with an optical system specifically de-
signed to measure radiation from 1/2 inch diameter samples. This
system was employed for all measurements. In addition, comparison
of test data obtained with 1/2 inch and 3/4 inch diameter samples has
been performed and will be discussed below.

It should be pointed out that measurement of the surface
brightness temperature carried out in the ROVERS facility is converted
to true temperature by employing the emittance at 0. 6 5 ý. and a trans-
missivity factor to correct for the window material. The correction
factor is the product of the surface emittance and the transmissivity
factor of the window. A transmissivity factor of 0.86 was used for the
sapphire windows employed.

In addition to the foregoing set of "stream conditions" and
surface radiation and temperature data, Tables 21-39 contain data on
initial and final lengths, exposure time and recession rates for each
sample. Also included are ratios of the calculated surface temperature,
TCALC and the observed surface temperature, TOBS, which are based
on radiation equilibrium as indicated by Eq. (2):

0.471 (TCALC°R/1000) 4 =he (ie - iw [TCALC. Pe] (2)

where he is the heat transfer coefficient, E is the total normal emittance,
and iw[TCALC,Pe] (BTU/lb) is the enthalpy of air at TCALC and Pe ( 6 ).
In the first order calculations presented in Tables 2-39, the normal
total emittance, ON, is assumed to be equal to the ernittance at k = 0. 6 5p.
Thus, these calculations ignore the measured qr and normal emittance
values. Part IV-Volume I of the present series ( 6 ) repeats the calculation
including the measured ermittance. The first order calculations are pre-
sented for comparison with results obtained earlier. Finally, the heat
transfer coefficient, he, inEq. (2) is calculated in two ways. The cold wall
heat transfer coefficient is defined by Eq. (3) as:

le =q cw/ie (3)

while the Fay-Riddell heat transfer coefficient is given by Eq. (4) (.6 ), as:

he 0.0386 (1 +O.17M- 1 )" (24 P /D)I/2 lbs/ft sec (4)
he e
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where M is the Mach No., and D is the diameter of a hemispherical tipped
cylinder in inches. For flat faced samples an effective diameter was used,
where (6)

Deff -- Z.5D cylinder (5)

Evaluation of the sample recessionwas performed by measur-
ing the overall length of the test cylinders as well as the depth of the sting
hole drilled in the back. The diiference ir the thickness. Measurement of
the thickness after exposure is carried out by sectioning the sample and
metallographic analysis. This procedure is preferable to measurements
of the overall length before and after test. The latter are also made and
are presented in Tables 2-39 for reference. Initially, measurements of
the sting hole depth were not performed and final dimensions were ob-
tained by sectioning the exposed cylinders and -omparing the overall length
of the sectioned sample with the initial length. As a consequence, some of
the materials contained in Tables 2-39 shom, identical values of irnýial length
and thickness*.

Figures 1-8 show the results graphically as compared with the
behavior in furnace tests, while Figures 9-301 show post exposure photo-
graphs of the samples tested as well as typical photomicrographs.

1. HfB2 l(A-2)

The results obtained for HfB2 . i(A-Z) are contained in
Table 2 and compared in Figure 1 with the results of CG/HW furnace tests
in air at a flow rate of 1 ft/ sec (4). The melting point of this material
shown in Figure 1 is based on the-work of E. Rudy (7). Figures 9-11 show
post exposure macrographs of all of the samples aftir test. As indicated
above, all of the samples were sectioned after exposure and examined
metallographically. Typical sections are shown in Figures 12-23 illustra-
ting the most severe test where minimal recession occurred (Figures 12-
15) and the least severe test where rapid recession occurred (Figures 16-
19) in the Model 500. Similarly Figures 20-23 'show maximum "survival"
and minimum "failure" conditions in the ROVERS arc. Figures 16, 17,
Z- and 23 (when compared with the microstructural features of virgin
material (1)) show that rapid recession coincides with melting of the boride.
This concdision is reinforced by Figure I where the measured recession
results at high temperatures are compared with the published melting point
(7).

Tests where changes occurred due to arc or sample conditions are denoted
by A and B. Thus, in Table Z, HfB2 . 1 (A-2)-l8MA refers to melting at the
beginning of the exposure, while (A-2)-18MB refers to the behavior after
melting ceased. Multiple exposures such as HfBZ. 1 +20 v/o SiC(A-7)-23M
in Table 6 are denoted by roanan numerals I, II, etc. Finally, hemispheri-
cal capped cylinders and shrouded samples are denoted by MH and MS as
shown iii Table 6 for tests HfBz. I + 20 v/o SiC(A-7) -36MH and 44MS.

14
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_ gur..... -2-,. ll-uiLraTe tne excellent oxidation resist-
ance of HfB? (A-2) at temperatures 1.n the 4500°F range. Although the
mechanical integrity of the (A-2) samples was poor (see Section. IV. C and
Table 16 of Refeternce (I) for details) no thermal stress failures were
noted below a heat flux R 770 BTU/ft2 sec. In particular dye penetrant
tests of sample (A-2)-8R exhibited a band of high porosity near he center
while sample (A-2)-9R. was sound. At a heat flux of 772 BTU/ft' sec, the
former exhibited thermal shock failure while the latter did not. As indi-
cated in Section II.B-4, 6 and 7, addition of silicon carbide materially
improved the mechanical integrity and increased the resistance to thermal
stress failures. This finding has been extensively documented in a com-
panion study of fabrication characteristics and mechanical, thermal and
physical properties (8, 14). The most striking feature of the present result
for HfB2 I(A-Z) in the HG/CW tests isthe difference between the reces-
sion rates encountered at a given surface temperature in these exposures
and those observed at the same surface temperature in furnace tests (4).
This difference is shown in Figure 1 which indicates that an oxidation-0
depth of 20 mils in 30 minutes is obtained in an arc plasma test at 5000 F
while the same oxidation depth can be produced at 3500oF in a furnace
test. Alternatively a 100 mil oxidation depth is observed in a furnace test
at 4000OF after 30 minutes while cornparable oxidation depths are not ob-
tained in arc plasma tests below 5500"F. The source of this difference is
the temperature gradient through the oxide as indicated in Section I. B.
Reference to Figure 1 also indicates no significant effect of oxygen pres-
sure on the oxidation rate of this material in the pressure range between
0.002 and 1. 0 atmospheres (air). This finding is in keeping with previous
results (15,16).

Table 2 shows the results of several test samples (A-2)-
16M, 17M and 18M which were preoxidized at 1930 0 C (3500 0 F) for ten min-
utes to form a 10 mil oxide (4) and subsequently exposed under marginal
survival conditions. These tests were performed to ascertain wbether a
high normal emittance coating (oxide = 0. 50, bare boride = 0.40) could
extend the operating range. Comparison of (A-Z)-16M with (A-2)-lI and
(A-2) -4M indicates little or no improvement. In addition, cyclic exposure
of (A-2)-133M, 14M and 15M to three cycles which were each of 600 second
duration (interrupted by cooling to room temperature) produced no acceler-
ated oxidation over uninterrupted 1800 second tests (i. e., see (A-Z)-IM)).

2. ZrBZ(A-3)

Table 3 summarizes the results obtained for ZrBZ(A-3).
As before, Figures 28 andZ9 show post exposure photographs of all samples,
while Figures 30-39 illustrate "maximum severity survivals" and "mini-
mum failures" in the Model 500 and ROVERS. The melting point (7) shown
in Figure 1 as well as Figures 3Z, 33, 37 and 38 indicate that melffing of
the boride is the cause of rapid recession. The excellent long time oxida-
tion resistance of this material at 4000OF is illustrated in Figures 40 and
41. Graphical comparison of CG/HW furnace test data (4) with the current
results in Figure 1 shows evidence for temperature gradcents and the
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"rn-ii-rimwmn oxe. tenmperature limit criterion" discussed in Section I.B3.
Tests (A-3)3 MC, 2MC, 3MC and 4MC were designed to measure the tern-
perature gradients through 100 mi wall thicknesses of oxide and boride.
Thus, reference to Table 3 shows that nose thicknesses of 104, 101, 10Z
and 104 mils were machined in samples (A-3)-1IMC, ZMC, 3MC and 4MC.
I--depth temperature measurements were performed at these stations
along the lines previously indicated (3). Figure 4Z shows post exposure
photographs of all these "in-depth temperature" tests, while Figure 43
shows a section through (A-3)-ZMC which exhibited a 1500°F temperature
gradient. Reference to Table 3 and Figure 43 shows that the final boride
thickness was 87 mils. The time-temperature history at the "in-depth"
station is documented in Table 40. This illustrates the long time stability
of this effect which will be discussed in further detail in Section II. C.
Figure 43 also shows the tungsten sting in place. Close examination il-
lustrates the small contact area between sting and sample designed to
minimize heat transfer by conduction. In view of the 9:1 length/diameter
ratio of the "sighting hole" the "blackbody" assumption of Table 40 is
justified. Additional experimental justification is presented in Section II.C.
Comparison of the observed temperature gradients with calculations based
on a simple one dimensional model which allows for side losses due to
radiation (6) yields good agreement with observations. For the case of
(A-3)-ZMCshown in Figure 43 the computed surface and internal temper-
atures were 4170oF (4470 0 F observed) and 2910OF (2930 0 F observed),
respectively.

Cyclic exposures of ZrB2 (A-3)-52M, 53M and 54M
were performed along the lines previously indicated for HfB2 . I(A-Z) toassess the effects of heating and cooling in three-600 second cycles. The results

showed that at the lowest level ZrBZ(A-3) exhibited a recession equivalent
to that observed in an 1800 second test. At higher levels ZrBZ(A-3) ex-
hibited larger recessions for cyclic exposures than in the case of un-
interrupted 1800 second tests. By contrast, the cyclic tests performed on
HfB2 did not result in larger recessions than the uninterrupted tests. The
motion picture coverage indicated that the oxide formed on HfB2 . l(A-2)
exhibited greater tenacity under these conditions than did the oxide formed
on ZrB2 (A-3). The latter flaked off between cycles. As indicated in
SectionlI.B. 1, preoxidation of HfBz(A-Z) to form a 10 mil coating did not
result in noticeable changes in behavior.

Reference to Table 3 shows that the ZrBZ(A-3) material
employed in these tests did not exhibit any thermal stress failures at flux
levels as high at 950 BTU/ft2 sec. In contrast to the HfBZ. l(A-Z) material
discussed in Section II. B. 1, the (A-3) material was mechanically sound and
did not exhibit the flaws shown by the (A-Z) in the nondestructive tests prior
to exposure (see Sections IV.B,C and Tables 15, 16 of Reference 1).

3. FifB2 + SiC(A-4)

Table 4 contains the results obtained for HfBz+SiC(A-4)
which has the same composition as HfB7+SiC(A-7) (1) but was prepared by
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an alternate supplier (Table 1). Post exposure photographs of all test
samples are shown in Figures 44 and 45. Figure Z compares the fur-
nace tests results (4) with the current HG/CW arc plasma data. Met-
allographic sections" of "maximum severity survivals" and "minimum
failure" tests in the Model 500 and ROVERS are shown in Figures 46-

53. Figures 47, 52 and 53 show the "silicon carbide depletion zone"
which is observed (4) when this composite is exposed to oxidizing en-
vironments at high Temperature. The depletion depths for various
exposures of (A-4) are shown in Table 15 and displayed in Figure 1.
Thus, a ten mil depletion depth was observed in HfBZ+SiC(A-4)-2M
(Figure 47) after 30 minutes in an arc plasma test where the surface
temperature was 5020 0 F. By contrast Figure 1 of Reference (4) shows
that a ten mil depletion depth is attained in 30 minutes near 3501)°F in
a CG/HW furnace test. Although these observations suggest the exist-
ence of temperature gradients in the boride-silicon carbide composites,
the difference between the arc plasma and furnace oxidation depths are
small (Figure Z). This finding is in contrast to the results obtained for
HfB2 l(A-Z) and ZrBZ(A-3) shown in Figure 1. This subject will be
discuissed in greater detail in Sections II.B-5, II.B-7 and II.C. The
adherent oxide which forms on this composite is shown clearly in
Figures 47 and 53. Figures 54-57 show the low recessions observed
after exposures in the 3500 0 -4500OF temperature range. Reference to
Table 4 shows that no thermal shock failures were noted at the highest
flux levels employed in these tests (1000 BTU/ft2 sec).

As indicated above (Section II. B) radiation equilibrium
calculations were performed for each exposure to compare observed
and computed temperatures as a general check on the internal consistency
of the data. An extensive comparison of the data collected in the present
study with the results obtained in other investigations is presented in
Reference (6). Although the significance of these comparisons in terms
of the ratio -T(CALC)/T(OBS) will be discussed in some detail below (Sec-
tion IL. D) it is worth noting at this point that the average values of this
ratio (for cases where melting does not occur) for (A-Z), (A-3) and (A..4)
are 1. 16,1.09 and 1. 22, respectively. The significance of this result will
become evident if one considers that on the average, the observed temper-
ature was 16% lower than expected for (A-Z), 9% lower than expected for
(A-3) and 22% lower than expected (based on radiation equilibrium) for
(A-4).

4. Boride Z (A-5)

Table 5 and Figures 1 and 58 show the results obtained
for Boride Z(A-5). Samples Boride Z(A-5)-ZM, 5M, 6M, 7R,8R and IZR
all showed thermal shock behavior. All of the remaining samples except
9R were observed to containlarge cracks after sectioning. Samples Boride
Z(A-5)-7R and 8R cracked after the exposures were completed. Consequently,
the current results indicate that Boride Z(A-5)isvery susceptible to thermal
shock failure. Figures 59a and 59b show Boride Z(A-5)-4M and 8R which
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exhibit thermal shock cracks after exposure at 348 BTU/ftsec a2dd 321 95
BTU/lb and 262 BTU/ftsec 2nd 9200 BTU/Ib, respectively. Thus, flux
levels above 200-250 BTU/ft sec appear to result in thermal shock fail-
ures of Boride Z. By contrast ZrB2 (A-3) discussed in Section I1.B. 2
and ZrB2+SiC(A-8) to be discussed in Section II.B. 6 did not exhibit
thermal shock failures at these levels.

5. HfB2 + 20%SiC(A-7)

Tables 6, 7, 8 and 15 summarize the results observed
for HfBZ+20%SiC(A-7). As indicated earlier, this material has the same
composition as (A-4). This composite was exposed to extensive evalua-
tion since it exhibited the most outstanding high temperature-long time
oxidation resistance. Exposure (A-7)-28R details the 23,400 second
exposure noted in Section iB. As indicated earlier, multiple exposures
are denoted by roman numerals, i. e., (A-7)-24MI, 24MI1, 24MUI, 24MIV.
Hemispherical capped samples and shrouded samples are designated by
the suffix H and S respectively as can be seen by comparing the tables
with Figures 60-62. The latter illustrate all of the samples after expo-
sure. Thus, (A-7)-45MS is shown in Figure 60 (sample 45M) to consist
of the (A-7) cylinder with a 437 mil diameter in a 875 mil shroud. The
shroud material was ZrBZ+SiC+C(A-10). This material was employed
because it is machinable and quite oxidation resistant. Reference to
Figure 60 shows qualitatively that (A-7) is more resistant to oxidation
than (A-10). Figure 61 shows the hemispherical samples (A-7)-36MH,
37MH, 38RH, 39RH, 48RH and 50RH. Finally a few of the hemispherical
samples were shrouded in order to evaluate the effect of such shrouds on
internal temperature distributions. Samples 49RHS and 51RHS shown in
Figure 61 are examples of this configuration. Little effect was noted due
to shrouding of hemispherical models. However, hemispherical models
and shrouded flat faced models resulted in lower temperature levels.
This aspect of the testing program will be discussed later.

Finally samples (A-7) -38RH and (A-7) -46RS were run
twice. The second exposures are denoted as (A-7)-38RR and (A-7)-46RR.
Sample (A-7)-39RH was run three times with the second and third expo-
sures designated as (A-7)-39RRI and (A-7)-39RRII.

Figures 63-70 show the "maximum severity survival"
and "minimum failure" conditions in the Model 500 and ROVERS facility.
As in the case of HfBz I(A-Z) and ZrB2 (A..3), rapid recession appears to
result from melting. However, since the composite does not melt as
sharply as the pure diboride, the transition in Figure 2 is not very sharp.
The temperature limit appears to be 5000'F. Figures 71 and 72 show
metallographic sections of (A-7)-Z8R exposed for thirteen cycles (each of
1800 second duration) at a stagnation pressure of 0.07 atm, an average
heat flux of 495 BTU/ft'sec and an enthalpy near 10, 300 BTU/lb. Refer-
ence to Table 7 shows that the temperature increased progressively during
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L'JO ;I±CL zour cycies even thoUAgh the stream conditions were constant.
Cycle number five exhibited a large temperature increase which was
maintained through the remaining eight exposures. This behavior is
characteristic of all of the multicycle exposures of boride composite
samples. The difference in temperature between cycles (A-7)-28R1II
and (A-7)-28RV is real since it is reflected in the measured value of
radiated flux as well as in the surface temperature. Physically, the
increase in temperature appears to be connected with the presence of
an oxide over the entire surface of the sample. Thus, in cycles (A-7)-
Z8RI through (A-7)-Z8RIII little or no oxide is visible (see Film Des-
cription) and the observed surface temperature and radiated flux is
low. Similarly, in cycle X the oxide has fallen off exposing the bare
composite. Here again the surface temperature and radiation are low.
Apparently then, the oxide sustains a large temperature gradient over
a very small thickness (1500OF over 5-10 mils in the present case).
Reference to Figure 72 indicates minimal depletion of SiC. The deple-
tion depth was of the order of 1-2 mils.

Another interesting feature is the ratio T(CALC)/
T(OBS) and its variation from one cycle to the next. This ratio is near
1.18 when the oxide is present. However, when the bare boride corn-
posite is exposed, the ratio is near 1.70. Thus, the boride composite
exhibits surface temperatures which are much lower than expected on
the basis of radiation equilibrium. When the oxide is present, calcu-
lated temperatures are closer to (but still 15% below) the observed
values. Although the cause of this behavior is not known at present
(6) part of the difference is undoubtedly due to conduction losses and

•ide radiation (6). Thus, if the conduction between the oxide and the
boride is very low the radiation equilibrium calculation applies well
to the oxide layer. However, when the bare boride composite surface
is exposed conduction losses coupled with side radiation (6) and other
factors lead to much lower surface temperatures than exjected.

Apart from these fine points, the gross behavior
of HfBZ+20%SiC(A-7)-ZSR is quite remarkable. Table 7 and Figure 71
show that the total recession after the thirteen cycle exposure was 15
mils. This behavior is unrivaled by any other known material system.

Figures 73 and 74 show post exposure sections through
(A-7)-52M after 14, 030 seconds exposure in eight-1800 second cycles at a
stagnation pressure of 1. 03 atmospheres. The average cold wall heat flux
was 450 BTU/ft2 sec at an enthalpy level of 4180 BTU/ Ib. Total recession
was 329 mils or about 0. 33 inches. Under similar conditions graphite
and tungsten would exhibit recessions of 14 to 28 inches.

Figures 75-78 show post exposure metallographic
sections through samples (A-7) -37MH and (A-7) -39RH which were em-
ployed for in-depth temperature measurements. Table 41 shows the
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time temperature histories of the internal temperature measurements
which will be discussed in Section II. C. However, several points are
worth noting currently. First, the temperature gradients observed for
(A-7) are not as large as those observed for (A-Z). Part of the reason
for this behavior is believed to be due to the fact that the oxide which
forms on (A-7) is much more adherent than that which forms on (A-2).
Consequently, this oxide has a higher thermal conductivity which re-
duces the temperature gradient (6). As a consequence, the difference
between the recession rates obs~ived in HG/CW arc plaanaa tests and
CG/HW furnace tests is smaller for (A-7) than for (A-2). This can bei1
observed by comparing Figures 1 and 2.

As indicated above, (A-4) and (A-7) exhibit lower
temperatures than anticipated from radiation equilibrium considerations
(i. e:., T (GL)/T(OBS) is much larger than unity). This conclusion
was derived by considering flat faced cylinders in the earlier discussion.
Consideration of the hemispherical capped specimen tests indicates an
additional lowering of the surface temperature. Thus, the T(CALC)/T
(OBS) ratios for tests (A-7)-38RH, 39RH, 48RH, 49RHS, 50RH and 51RHS
are near 2. 0. A graphical illustration of this phenomena is afforded by
tests (A-7) -39RRI and 39RRII shown at the end of Table 8. As indicated
above, these tests were re-runs of sample (A-7)-39RH. The sample is
shown sectioned after exposure in Figures 77 and 78. Here, exposure
at 965 BTU/ft-sec and 7Z90 BTU/lb resulted in a surface temperature
of 4285 0 F for the hemispherical model. By contrast, exoYsure of a flat
faced sample (A-7)-34R to milder conditions (720 BTU/ft see, 8040
BTU/lb) resulted in a surface temperature of 50051F. Moreover, at
791 BTU/ft2 sec and 9030 BTU/lb, fiat faced sample (A-7)-35R reached
5350OF and receded 315 mils in 90 seconds.

6. ZrBa + Z2OSiC(A-8)

Tables 9, 10, 15 and 42 and Figures 1, 2 and 79-92
detail all of the results obtained for ZrBZ+20%SiC(A-8). This composite
exhibits all of the same features shown by HfBz+SiC(A-7) although it is
not as refractory as its hafnium base counterpart. However, the decrease
in temperature resistance is compensated for by the reduced density and
cost. Zirconium diboride is roughly one half the density and one tenth the
price of hafnium diboride. Reference to Tables 9 and 10 and the post
exposure photographs shown in Figurvcs 79 and 80 indicates that most of the
tests were conducted with flat faced cylinders. A few tests were shrouded
with ZrBzi4%SiC+30%C(A-10). As in the case of (A-7), the ZrB +20%SiC
(1(A-8) material is more oxidation resistant than (A-10) as indicateda by
samples 30M and 3ZR in Figure 80. In addition, it is interesting to note the
results of (A-8)-Z9M in which a graphiLe shroud was employed (Tables 9 and
4Z). Although the beride exhibited minimal recession (8 mils in 1800 seconds)
the graphite shroud which was one inch loig ablated completely in 500 seconds.

Table 15 and Figure I show the depletion depths for ZrlBZ+
SiC(A-8) as a function of temperature. This material exhibited the lowest
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depletion rate of q].J. the orLde - Fcm sea i. in addi-
tion, the depletion rate in the current HG/CW tests was much less than
the corresponding rates ( for a given surface temperature) in CG/HW fur-
nace tests (4). Metallographic sections were prepared for all of the expo-
sures. Figures 83-88 show the "maximum severity survivals" and "mini-
mum exposure failures" in the Model 500 and ROVERS tests.

Figures 89-92 illustrate the results of long exposure
cyclic tests in the Model 500 and ROVERS. Test (A-8)-15M shown in
Figures 89 and 90 was discussed previously in Section I.B. The sting
section of (A-8)-16R shown in Figure 91 was cracked on removal from
the sting. Both tests show excellent long time oxidation rcsistance.
Reference to Table 42 shows that temperature gradients through one hun-
dred and four hundred mil walls exist in these materials which are com-
parable to those observed in (A-7). However, the gradients appear to be
smaller than exhibited by ZrBZ(A-3). This finding apparently results from
the higher thermal conductivity of the oxide formed on (A-8) (as compared
with (A-3))(6). Consideration of Tables 9 and 10 shows that Zr]B2 +SiC(A-8)
exhibits the-same tendency to develop low temperatures as (A-4) arid (A-7).
Thus, tests in the ROVERS facility at flux levels below 500 BTU/ft2 sec and
in the Model 500 facility at flux levels below 350 BTU/ft2 sec develop rr,.tios
of T(CALC)/T(OBS) which are of the order of 1.5. This feature of the bore.
ide composites which contain SiC permits a wider range of applicability than
materials which exhibit (T(CALC)/T(OBS)) near unity.

7. HfBZ i+35v/oSiC(A-9)

A limited set of exposures of HfB2. l+35v/oSiC(A-9)
was conducted in the Model 500 facility. The results are s'tnmarized in
Tables 11 and 15 and in Figures 1 and 2. Figure 93 shows post exposure
photographsof all the test samples while Figures 94-97 show "maximum
severity survival" and "minimum failure" conditions in the Model 500.
The nonuniform recession exhibited by (A-9)-5M is due to misalignment
of the sample in the arc. Those results show that the features of (A-9) are
similar to (A-4) and (A-7)(i. e., T(CALC)/T(OBS) comparison, recession
rate vs. temperature for HG/CW arc plasma tests and furnace exposures,
depletion depth vs. ternperature in HG/CW tests as a function of tempera-
ture, etc.). The major difference is that (A-9) is less refractory' than
(A-4) and (A-7). Thus, (A-9) exhibits melting in Model 500 exposures when
the flux level exceeds 500 BTU/ft2 sec at eL,;halpy levels near 4000 BTU/Ib.
By contrast, (A-7)-23M receded 193 mils after 7Z00 seconds at flux levels
near 600 BTU/ftZsec and 4500 BTU/lb. Similar thermal stability is evi-
denced by (A-4)-ZM and (A-4-Z)-3M. A method for comparing the reces-
sion rate as a function of flux and enthalpy, rather than exclusively in
terms of surface temperature as in Figures I and Z, is described in
Reference (6).

8. ZrB2 +14%SiC+30%C(A-10)

'.. This composite has been developed (8-14) in order to
improve the thermal stress resistance of boride compoisit~e- (by lowering
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of the elastic modulus) wiltout sacrificing oxidation resistance. Moreover,
(A. 10) is machinable with carbide tools while (A-8) is not. Tables 1Z-15
and 43 summarize the results of an extensive series of tests conducted on
ZrB2 -fSiC+C(A-10). Figures I and 6 display the results in graphical form.
Referenre to Figure 6 shows that at surface temperatures between 3000 0 and 5000°F.
(A-10) exhibits a much slower rate of oxidation in HG/CW arc plasma
test's than in CG/HW furnace tests. This result is undoubtedly a manifes-
tation of the MOTEL criterion presented in Section I B.

Figures 98-100 are post exposure photcgraphs of all
of the samples after testing. Shrouded samples shown in Figure 99 con-
sisted of the test model jacketed in a cylinder of (A-10) with a 3/16 inch
wall thickness. Utilization of the shrouds did not have a substantial effect
on model behavior or temperature (6).

In general, the behavior of this compos ite is quite
similar to that exhibited by (A-4), (A-7) and (A-8) discussed earlier in
Sections II.B-3,5 and 6. However, (A-10) is not as refractory as (A-4)
and (A-7). Nevertheless, the lower density, cost, thermal stress resist-
ance and machining characteristics of this composite provide compensating
advantages.

The series of photographs of tests(A-10)-30R,31R, 323.
and 33R shown in Figure 100 are extremely revealing when examined along
with the data shown in Table 14. Test (A-10)-30R exhibits the connection
between oxide coating and surface temperature described in Section ll. B. 4
for (A-7). During the first 428 seconds of this long test (1669 seconds total)
the oxide slowly covered the face and the observed surface temperature of
3650 0 R was 75% lower than expected from radiation equilibrium. The radiated
flux was 33 BTU/ft/sec. However, once the thin oxide coating covered the
surface, the temperatare increased to 5455°R and the radiated flux level
jumped to 196 BTU/ft sec. Under these circumstances the observed sur-
face temperature was only 17% lower than expected on the basis of Eqs. 2
aand 3. The total conversion of boride to oxide during the 1669 second expo-
sure was Z6 mils. However, reference to Table 14 shows that the total
length of the sample actually increased by 10 mils. rnhus, the oxide thick-
ness was probably of the order of 36 mils. Figure 100 shows the oxide
cover which separated from the sample on cooling. This cover was 35
mils thick. Test (A-10)-31R exposed at identical conditions am (A-10)-30R
except that the flux was 596 BTU/ftZsec instead of 551 BTU/ft'secmelted.

Figures 101 -108 show tne "maximurn severity survival"
and -'minimum failure" tests in the Model 500 and ROVERS facilities. Fig-
ures 109-112 show sections through (A-10)-Z4M and (A-10)-26R which were
exposed for times up to 21, 600 seconds near 4500°r with total recession of
the order of 100 mils. This behavior, which was discussed in Section I.B,
shows striking evidence for the applicability of these composites in re-
usable lifting reentry spacecraft. The sting leg portion of sample (A-10)-
26R was cracked on removal after completion of the test.
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Table 43 details the results of in-depth temperatuie

i-ji.L=urements. These tests will be discussed later in Section II. C.
Comparison of the results with calculations based on side losses due to
radiation is presented in a companion report in this series (6). Rela-
tively good agreement between observed and calculated gradlents has
been obtained (6).

Reference to Table 14 shows that (A-lf)-36RH and
(A-10)-37RH (hemispherical capped models with in-depth temperature
holes) were exposed at flux levels near 500 BTU/ftZsec. Table 43 de-
tails the timne-temperature history for these exposures. Reference to
Table 14 indicates that the observed temperature for these exposures
was 60% lower than calculated on the basis of Eqs. Z and 3. This be-
havior (noted earlier with (A-7) and (A-8) in Sections II. B 4 and IU. B. 6),
characterized by lower temperatures achieved with hemispherical models
than with flat faced models is not understood at present. Nevertheless,
the practical implications of this finding are substantial. For example,
(A-10)--25R, 26R., 40R and 41R (which were flat faced models) exposed at
conditions similar to (A-10)-37R and 38R (i.e., 500 BTU/ftZsec, 7700
BTU/lb, 0. 15 atrn.) exhibited temperatures near 5000°R in contrast to
(A-10)-37R and 38R which exhibited temperatures near 3700 0 R. Naturally
the hemispherical models exhibited lower recession rates. Sample (A-10)-
37RH is shown after sectioning in Figures 113 and 114.

Similarly, sample (A-10) -48RH was exposed to four
exposures at ascending flux levels until evidence of melting was noted.
Melting of this hemispherical capped model was not observed to occur
until fluxes near 850 BTU/ft-sec were attained. Flat faced models melted
near 650 BTU/ftgsec.

9. Pure Grahite Materials -RVA(B-5), PG(B-6) and
BIFQ (B -7)

Figures 3, 4 and 115-137 compare the results of
(HG/CW) Arc Plasma Tests with the results of (CG/HW) Air Oxidation
Furnace Tests (4). Figures 3 and 4 also contain a number of results re-
ported by Kendall et al. (17) and by Tanzilli (18) for comparison, The results
of these studies are in genera] agreementwithpresent findings. The general
behavior indicated by Figures 3 and 4 is that the supply limited (oxidation
rates observed to increase as air flow rate Increases) oxidation rates ob-
served in the furnace tests are much lower than observed in the one at-
mosphere (HG/CW) Arc Plasma Tests. Recession rates in the latter
exposures are dependent on pressure and weakly temperature dependent.
In general, the results are in keeping with the theoretical description (6).
Thus, it appears that the oxidation of graphite observed in the arc plasma
exposures is limited by diffusion of oxygen and oxidation products in the
boundary layer. This is certainly the case at lower pressures. Reference
to Figures 3 and 4 shows that little if any temperature dependence of the
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recession rate is rioted in the Mach 3.2 exposures at 0.01 to 0.03 atmos-
pheres. However, at higher pressures the temperature dependence be-
comes more pronounced. The one atmosphere subsonic exposures exhibit
a definite temperature dependence of the recession rate particularly in the
temperature range between Z500 F and 3500 0 F. This result is in keeping
with the observations derived from high velocity CG/HW tests (5) and
theoretical studies (6). The pressure dependence of the recesslon rate
appears to agree with the PIef 2 relation predicted by theory (6). The
present results shown in Figures 3 and 4 (Tables 16-18) indic'ate that PG
(B-6) and BPG(B-7) are comparable in oxidation resistance to RVA(B-5)
in the (HW/CG) Arc Plasma Tests and the the "C" plane recedes more
slowly than the "A" plane of PG(B-6) and BPG(B-7). This is readily evi-
dent in Figure 4 for the Mach 0. 30-0.50 exposures at one atmosphere.

It should be noted that the observation of enhanced "A"
plane recession indicates that while gaseous boundary layer diffusion exer-
cises dominant control, surface reactions do exert some influence on the
overall rate.

Reference to Tables 17 and 18 indicates that thermal
shock delaminations were noted along the "C" plane for samples of PG
(B-6) and BPG(B-7) exposed normal to the "C" axis. Thermal shock fail-
ures were not noted for RVA or PGIB-6) and BPG(B-7) when samples of
the latter were exposed perpendicular to their"C"' axes. This was evidently due
to nonuniform heating of samples so exposed due to enhanced conductivity
parallel to "C" planes. Motion picture footage clearly illustrated this
behavior in which central bands of material which were parallel to the
"C" plane and parallel to the cylinder axis heated up before the cylinder
surface heated. Figures 123, 126, 131, 134 and 135 illustrate the thermal
shock failures of (B-6) and (B-7). Photographs of (B-5), (B-6) and (1B-7)
samples exposed in the Model 500 illustrate "necking" of the test samples
due to oxidation on the sides. This behavior is seen in Figures 115, 118,
122-126, 130 and 13Z-134.

Comparison of the T(CALC)/T(OBS) ratios obtained
for (B-5), (B-6) and (B-7) with those noted for other materials will be
performed in Section 1I. D. For the present however, reference to
Tables 16-18 shows that this ratio is approximately 1. 18 for these mater-
ials. Thus, observed temperatures are about 18% less than expected
based on radiation equilibrium. In addition, the ratios are nearer unity
for (B-6) and (B-7) when the "C" axis is parallel to the arc (i. e., when the
basal planes of graphite are exposed). Table 44 details the results of two
exposures of RVA(B-5) in which internal temperatures were recorded.
Comparison of the results with calculated values yield relatively good re-
sults (h). Temperature gradients are modest duu to the bare surface and
high thermal conductivity of graphite. Section 1. C will provide an addi.-
tional discussion of these findings.

In comiparing the behavior of the foregoing boride
materials to the pure graphites RVA(B-5S, PG(13- 6) and BPG(B -7), it is

24



evident that the former group (i. e., the borides) exhibit substantially
lower recession ratn• thbn *_h- gr-phi'c.. .L r,•uperacures below the melt-
ing temperatures of the borides. This is the case at atmospheric pres-
sures. Thus, at 5000 F and 1 atmosphere, graphite recessions of the
... of 3000-6000 ils in 30 minutes are observed as compared to
boride recessions in the 30-60 mils in 30 minute range. Even at 0.01
atmosphere stagnation pressures, graphites recede at rates of 1000 mils
in 30 minutes. However, once the melting temperature of the borides is
exceeded, their advantage is lost.

10. Siliconized RVC Graphite, Si/RVC(B-8)

Table 19 documents the results of the HG/CW arc
plasma tests performed on Si/RVC(B-8). Figure 5 compares the re-
sults of these tests with CG/HW furnace tests, while post exposure
photographs and "maximum severity survivaJs" are illustrated in
Figures 138-142. The present results demonstrate that Si/RVC(B-8)
exhibits protective oxidation for short periods of time up to surface
temperatures near 3800 OF. This is some 700oF above the coating fail-
ure temperature observed in the CG/HW furnace tests (4). Above this
temperature coating-breakdown occurs and samples exhTbit typical graph-
ite behavior. As noted previously, graphite oxidation rates in the arc
plasma tests are 20 times larger than the rates observed in the furnace
indicating that the latter are supply limited. In particular, exposure
Si/RVC(B-9 -5M (Table 19) shows coating burn-off after 735 seconds at
470 BTU/ft sec and 3720 BTU/lb corresponding to a surface temperature
of 3790 0 F. At low pressure, Si/RVC(B-8)-7R showed protective behavior
at 210 BTU/ft~sec and 8850 BTU/Lb corresponding to a surface tempera-
ture of 2740 0 F.

Exposures (B-8)-4M and (B-8).-5M discussed above
represent short time survival conditions. Survival for 30 minutes was
exhibited at slightly lower levels by (B-8)-18M at 362 BTU/ft2 sec. A
surface temperature of 3110OF was observed in this test in accordance
with the CG/HW furnace results (4). Reference to Table 19 indicates that
T(CALC)/T(OBS) ratios for this rmaterial are high (approximately equal to
1. 36) when the coating is intact. This result is in keeping with the behavior
noted for other SiC bearing materials ((A-4), (A-7), (A-8), (A-9) and
(A-10)) discussed above. Thus (6), Si/ RVC(B-8) exhibits enhanced temper-
ature resistance.

11. Special Graphites PT0178(B-9), POCO(B-10) and
UTa"s y'C;arbo n (-I -I) 1

Tables 20 and 21 as well as Figures 3, and 143-155
display the results obtained for the fibrous graphite composite PT0178(B-9),
fine grained graphite, Poco (B-10) and glassy carbon (B-l). As in the
case of RVA(B-5), PG(B-6) and PG(B-7), the oxidation rates observed in the
furnace tests are 20 times smaller than those observed in the arc plasma
tests, indicating that the former are supply limited. In line with the high
velocity CG/HW test results (5) and the theoretical findings (6), the recession
rates of the graphites are inversely proportional to density (r). The motion
picture coverage of test (B- I1)-IM shown in Table 21 indicates melting during
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the exposure. No post exposure examination could be made since the
sample ablated completely. Since glassy carbon is not reported to
melt at one atmosphere, the only possible explanation that can be ad-
vanced at present for this observation is based on surface contamina-
tion of the sample by tungsten from the arc or sting (Reference 5,
pages 28 and 29).

Figures 143-146 indicate the extensive "necking" of
PT0178(B-9) in the Model 500 tests which resulted from side wall
oxidation. Although Poco Graphite (B-9) showed similar characteristics
(see Figure 148) the necking was less pronounced.

Section IL. D will present a complete discussion of the
enmittance and T(CALC)/T(OBS) ratios for these materials. For the
present, it is sufficient to note that the T(CALC)/T(OBS) ratios for
PT0178(B-9) and Glassy Carbon (B-li) are near unity while the average
ratio for Poco Graphite (B-10) is near 1. 15.

12. Arc Cast Hypereutectic Carbides 1lfC+C(C-ll) and

Tables 22 and 23 along with Figures 5 and 156-179
detail the results obtained for the arc cast hypereutectic carbides
HfC+C(C-11) and ZrC+C(C-iZ). The melting points shown in Figure 5
are taken from the work of Rudy (7). Reference to Figure 5 indicates that
the present results on melting of (C-li) and (C-lZ) are in keeping with
Rudy's results. In addition, the values of T(CALC)/T(OBS) for (C-i l)
and (C-12) are found to lie near 1. 0. Although the temperature range of
the present HG/CW arc plasma tests were not overlapped with CG/HW
furnace tests, Figure 5 indicates the two sets of results are comparable.
This is due in part to the unusual oxidation characteristics of (C-1i) agd
(C-12) (4). These materials do not form protective oxides below 3300 F.
At lowertemperatures they form porous flakey oxides which do not sup-
press the oxidation rate. Thus, arc plasma samples which are hotter at
the front than at the back are expected to exhibit variable oxidation char-
acteristics. This behavior is shown clearly in the post exposure photo-
graphs which constitute Figures 156, 157, 168 and 169. Thus, the post
exposure pictures of (C-il)-17M and (C-IZ)-15M are quite reminiscent
of the structures shown on page 64 of Reference (4). Figures 158, 170
and 178 illustrate the rapid oxidation of the sting leg region where a thick
nonprotective oxide forms. Figures 171 and 179 show preferential oxida-
tion along the graphite flakes in the hypereutectic structure. As indicated
in Figure 5, HfC+C(C-il) Is more refractory than ZrC+C(C-12) and is
thus capable of withstanding higher flux and enthalpy levels before melting
(6). Figures 158-178 illustrate the "maximum severity survival" and
"minlnlrnum failure" condition in the Model 500 and ROVERS facilities. The
latter are associated with melting of the carbide. This conclusion is based
on the large ntunber of survivals (recession rates of l00 mils or less in
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30 minutes) obaerved for (C-11) above the melting point of HfO2 near
5100 0 F, and the clear difference in resistance to stream conditions
evidenced by (C-11) and (C-12) despite the fact that the melting points
of HfO2 and ZrO2 are nearly equal.

The samples employed in tests HfC+C(C-l1)-10R and
lZR (Figures 160-163) were fabricated from billet 142ZA (Table 8 of
Reference 1) which is lowest in carbon. Consequently, these samples
do not exhiBit large graphite flakes. Nonetheless, the oxidation behavior
of samples from Billet 1422A does not appear to differ materially from
samples fabricated from the billets which are higher in carbon. Figure
163 shows the microstructure which is characteristic of billet 1422A.

Figures 170-175 show post exposure photomicrographs
of ZrC+C(C-lZ)-I5M, lOR and 7R. A recession of 64 mils was observed
for (C-12)-ISM after 1800 seconds at 3900 0 F. Figure 170 shows the
"puffy" attack of the hypereutectic carbides. Figure 172 displays the
structure of (C-12)-l0R after 1800 seconds at 5030 0 F. A recession of
3Z rnils was observed subsequent to this exposure. At 4955 0 F (C-12)-7R
exhibited a total recession of 209 mils in 1800 seconds at 5030 0 F. The
apparent reversal in behavior of (C-12)-IOR and (C-12)-7R indicates that
these conditions are borderline relative to melting of ZrO2 as shown in
Figure 5. Both HiC+C(C-il) and ZrC+C(C-12) are resistant to thermal
shock over the range of conditions employed.

Cyclic exposures of (C-l1) and (C-12) were not carried
out due to the problems associated with the poor low temperature oxida-
tion behavior. Under these conditions it is expected that excessive side
oxidation at cooler locatio1 's on the sample would lead to rapid oxidation.

13. JTA(C+ZrBZ+SIC) (D-13)

The results of the present arc plasma testing programs
for JTA(D-13) (which is predominantly a graphite in contrast to (A-10)
which is mostly boride) is shown in Tables 24 and 25. Figure 6 compares
the HG/CW results with furnace test data, while Figures 180-197 show
post exposure photographs and metallographic sections of selected test
samples. Experimental results obtained in HG/CW tests by Kendal et al.
(17), Criscione at al. (19) and by Buckley and Stein (20) are included for
comparison in Figure 67

The ratio of T(CALC)/T(OBS) for most exposures of
this material was near 1.10, Comparison of the temperature calculations
and emittance values for this material will be compared with the resultF'
obtained for other candidate materials in Section II. D.
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A substantial number of thermal shock failures were
observed in these tests. These failures, noted in Table 24, occurred
in random fashion at flux levels above 500 BTU/ftsec. The samples
which failed by thermal shock were machined from 2-1/2" diameter x
2" long billets of JTA(D-13) in an orientation which corresponds to the
hot pressing direction. Thus, the axis of the arc plasma test sample
was parallel to that of the hot pressed cylinder. Under these conditions,
residual strains present in the billets and in the samples could provide
a source for the failures. In order to investigate this possibility a second
series of samples were machined from additional billets. These sample
cylinders were oriented with their axes perpendicular to the pressing
direction. Nondestructive testing of these cylinders showed no nonuni-
formities or imperfections (see Page 19 of Reference 1). The above
mentioned samples are designated as (D-13)-31MX through (D-13)..41MlX
in Table 24. Significantly, no thermal shock failures were noted for
these samples even at flux levels in excess of 500 BTU/ftsec. This
finding has particular relevance to applications in which JTA(D- 13) parts
are exposed to severe environmental heat fluxes. A preoxidized coating
on (D-13)-43M, 44M and 45M had no noticeable effect.

Reference to Figure 6 shows that the results obtained
for JTA(D-13) in HG/CW arc plasma tests and CG/HW furnace tests
"dove tail." By contrast the HG/CW results Lor (A-10) lie below the
CG/HW rates at temperatures up to 5000OF as shown in Figure 6. At
4500°F and one atmosphere stagnation pressure, JTA(D-13) behaves
like a graphite exhibiting recession of 2-4 inches in thirty minutes, while
(A-10) behaves like a boeide and exhibits recessions of 10-20 mile in
thirty minutes.

A post exposure metallogaaphic section of JTA(D-13)-
ZZM is shown in Figures 185 and 186 to illustrate a "maximum severity
survival" in the Model 500. Rapid recession is illustrated by Figures
188 and 189 for JTA(D-13)-4M after rapid oxidation at 660 BTU/ft7sec
and 4320 BTU/Ib (surface temperature equals 4560 0 F). ROVERS expo-
sures at low pressure lead to protective oxidation at a surface tempera-
ture of 4665 0 F (500 BTU/ftZsec and 9520 BTU/lb) as shown in JTA(D-13)-
7R illustrated by Figures 190 and 191. At higher levels (770 BTU/ft 2 sec,
7310 BTU/lb and surface temperature equal to 5305 0 F) rapid oxidation
rates are observed as shown in Figures 192 and 193 for JTA(D-13)-8R.

Figures 194 and 195 show sample (D-13)-48MX after
4 cyclic exposures at a stagnation enthalpy of 4350 BTU/1b, ltagnation
pressure of 1. 01 atm. and a cold wall heat flux of 3.10 BTU/ft sec. Each
exposure was 1800 seconds long making the total exposure time 7ZOO
seconds. The average recession was 118 mils. This test c•an be com-
pared with (A-10) -Z4 shown in Figure 109 which exhib•itad a recession of
104 mils after 12 cycles (1800 seconds each) totalling 21, 600 seconds
under comparablo conditions.
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Figures 196 and 197 show sample (D-13)-49RX after
4 cyclic exposures at a stagnation pressure of 0. 057 atmospheres at a
stagnation enthalpy of 9600 BTU/Ib and a cold wall heat flux of 440
BTU/ftsec. Each exposure was 1800 seconds long making the total
exposure time 720 seconds. Total recession for this test was 45
mils. By comparison, (A-10)-Z6R exposed for 18,951 seconds at
comparable heat flux and enthalpy and a higher pressure (0.Z38 atm)
exhibited a recession of 83 mnils as shown in Figure 111.

14. KT-SiC(E-14)

The behavior of KT-SiC in (HG/CW) exposures is
compared with the (CG/HW) tests in Figure 5. Detailed results are
contained in Table 26. Rapid oxidation rates are observed at tempera-
tures above 4000 0 F, or 500 0 F higher than observed in (CG/HW) tests
(4). Although a complete discussion of the emittance and calculated
temperatures for this material will be postponed to Section 31. D, it
should be noted that the computed ratios TCALC /TOBS exceed unity
with typical values near 1. 5. This indicates that the observed surface
temperature is substantially less than anticipated on the basis of radi-
ation equilibrium. Thus, heat absorbtion due to vaporization or
degradation of the heat transfer coefficient due to injection or blocking
is operative. At 4500 0 F, significant vaporization of KT -SiC leads to
rapid rates of zacession.

Figure 5 shows a slightly higher failure temperature
for KT-SiC(E-14) in the HG/CW Arc Plasma Tests at one atmosphere
than in the CG/HW furnace tests. At lower pressures, higher oxidation
rates are observed as expected. This is due to the instability of SiOZ
(relative to SiO) at low pressure (4).

Post exposure photographs of all samples are shown
in Figures 198 and 199. Figures ZOO and 201 show rnetallographic sec-
tions through sample (E-14)-4M after survival at 3670°F for 1835 seconds.
At higher levels rapid ablation is illustrated. Figures 202 and 203 show
KT-SiC(E-14)-SM after exposure for 165 seconds at 4440°0F. A total
recession of 425 mils was observed. Under these conditions recession
occurs by ablation and vaporization.

Samples KT-SiC(E-14)-3R, 5R and 7R exhibitad low
oxidation rates but showed internal cracks on sectioning as indicated
in Figure 204.

15. JT-099Z(C-HfC-SIC)(F-1 5) and JT-0981 (C-ZrC-SiC)

The results obtained for the graphite composites JT-
0992(C-HfC-SiC)(F-15) and JT-0981(C-ZrC-SiC)(F-16) are smnmarized
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in Tables 27 and 28. These comnposites, like JTA(C-ZrBz-SiC)(D-13),
are mainly graphite (1). Unlike the former, however, they do not con-
tain boron and are therefore susceptible to rapid oxidation at tempera-
tures below Z800 0 F. This fact is illustrated in Figure 6 which compares
the current results of HG/CW arc plasma tests with furnace tests con-
ducted under CG/HW conditions. Reference to Tables 27 and 28 shows
that the ratio T(CALC)/T(OBS) is near 1.05 for (F-15) and 1. 10 for
(F-16). These findings and the results of the emittance measurements
presented in Tables 27 and Z8 will be discussed in Section IL. D. Post
exposure photographs and metallographic sections are shown in Figures
206-229. Photographs of all the exposures of (F-15) shown in Figures
206-208 and (F-1 6) shown in Figures 218-220 illustrate a large number
of thermal shock failures particularly in the case of JT0981(F-16). As
indicated earlier in Section IL B-13 (Table 24), JTA(D-13) also exhibited
thermal shock failures when exposed to heat flux levels above 600 BTU/
ftsec. This failure mode was eliminated (for JTA) by orienting the
pressing axis of the billets perpendicular to the arc (Section II.B-13).
All of the samples of (F-15) and (F-16) discussed in Tables 27 and 28
were oriented so that the pressing axis was parallel to the arc since
testing was completed before the effect of orientation was established
for JTA(D-13).

After initial observation of thermal shock failures in
exposures JTA(D-13)-23M and 24M (Table 24) and JT0981(F-16)-21M,
ZZM, 23M and 24M, a second set of samples was prepared and submitted
for nondestructive testing as noted on p. 19 of Reference 1. The NDT
results indicated that JTA(D-13)-I, 6 and 9 and JT0981(F-16)-I, 4, 9
and 11 gave extreme values in the ultrasonic velocity and eddy current
measurements. No nonuniformities or surface cracks were disclosed
by radiographic or dye penetrant methods. Reference to Tables 24
and 28 show that none of these extreme samples exhibited thermal shock
failures.

If the results are taken at face value, it appears that
JT0981 exhibits a high thermal shock failure rate at flux levels in ex-
cess of 400 BTU/ftgsec. The failure level for JTA appears to be in the
vicinity of 600 BTU/ft-sec, while JT099Z exhibited o nlý two random
failures when exposed at flux levels up to 1145 BTU/ft~sec. Examina..
tion of the microstructures of the test cylinders with Mr. S. E. Slosarik,
Applications Manager of the Aerospace and Nuclear Products Division
of Union Carbide Corp., showed some preliminary evidenue for carbon
and carbide grain size differences between test cylinders which seerned to
correlate with the occurrence of thermal shock failures. However, sub-
sequent extensive metallographic investigation of this factor did not verify
the hypothesis that fine grained structures exhibit a higher flux tolerance
than coarse grain structures. Since all of' the 1/Z inch diamneter x 1 inch
long cylinders were cut from one 2 Inch diameter x 2-1/2 inch billet which
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in turn were cut from 7 inch diameter x 7 inch pressings, grain size varia-
tions betweei test cylinders were not ancitipated. The axes of the test
cylinders, billets and pressings were identical and thermal shock failures
were found to occur by delaminations along planes perpendicular to the
cylinder axis.

Reference to Figure 6 shows that the 30 minute oxidation
depths exhibited by JT0992(F-15) and JT0981(F-16) in the (HW/CG) Arc
Plasma Tests at Mach 0. 3-0. 5 and one atmosphere agree with the (CG/HW)
Air Oxidation Furnace Tests (4). These rates are 30 times less than those
encountered for RVA(B-5) Griphite at temperatures below 4000OF indicating
some beneficial effect of the solid oxide formers contained in the composites.
A substantial lowering of the 30 minute conversion depth was observed at
stagnation 8ressures in the 0. 01 -0. 03 atmosphere range at temperatures
below 5500 F. Melting was observed at this temperature.

Figures Z09-ZI7 illustrate "maximum severity survivals"
and "minimuun failures" for JT0992(F-15). Figure 2 11 in this group illus-
trates the low temperature susceptibility to rapid oxidation of JT0992
(C-HfC-SiC)(F-15) which was noted earlier for HfC+C(C-11) and ZrC+C
(C-l2) in Section IL.B-I2. This low temperature attack (which is elimilnated
when boron is present) is clearly seen in Figure 211. Here,test (F-15)-ZM
exhibited a 34 mil recession on the hot face at a surface temperature of
3470OF after an 1173 second exposure at one atmosphere stagnation pres-
sure. However, the oxidation depth increases along the sides of the modei
as the distance from the hot face increases (due to the fact that the temper-
ature decreases) in accordance with Figure 6. Thus, oxidation dcpths ot
100 mils are seen at a distance of 750 mils from the front face where the
temperature level dropped below 2800 0 F.

Post exposure metallographic sections for JT0981(F-16)
shown in Figures 321 and 222 present additional graphic evidence of the
rapid low temperature oxidation. This behavior is absent at low pressure
(0.075 atm) as shown in Figure 226. Figures 224 and 228 illustrate rapid
recession at temperatures near 5000°F due to melting.

16. Molybdenum and Tun sten Melting rests and lExposures
Of•W5Iz/W(Q-18) andqSn-A-Ta--I0W(ug)'

As indicated in Reference (3) extensive precautions have
been taken in order to Insure that temperawure measurements of the model
surface are accurate. In general, the comparison of observed surfao,•
temperatures in HIG/CW arc plasma tests with values calculated from stream
conditions are in relatively good agreement. Moreover, a number of tem-
perature measurements employing two color pyrometers yielded good re-
sults (page 8 of Reference (3)). In order to obtain additional verification of
the surface temperature measurements, the maielting points of tungsten and
molybdenum were measured in thu arc facilitios using pure nitrogen strowa•is
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for comparison with accepted values. Th! results ot these tests are showu
in Table 29 and in Figure Z30. The relatively good agreement obtained in
Lhese tests should el-•-n÷-ate concerp nve. the accuracy of surface tempera-
ture measurements due to interference of the arc with optical observations.

The results of arc plasma testing of the coated refra.tory
metals WSi 2 /W(G-18) and Sn-AZ/Ta-lOW(G-19) is shown in Tables 30-3Z and 45,
Both of these materials exhibit high ratios of T(CALC)/T(OBS) when the
coating is intact. Thus, ratios near 1.55 are typical for (G-18) and 1.40
for (G-19). As indicated earlier, ratios which are larger than 1.0 indicate
enhanced temperature resistance. This behavior wi11 be discussed in Section
liD. Modest temperature gradients observed for (G-18) are shown in Table 45.
The results will be discussed in Section 11C. These data agree with corn-
puted results (6). Figure 6 compares the results for (G-18) and (G-19) ob-
tained in the current HG/CW arc plasma tests with those obtained in GG/HW
furnace tests. Post exposure photographs and metallographic sections of
"maxixnum severity survivals" and "minimum failures" are shown in Figures
231-246.

It should be noted that (G-18) -19M and (G-18)-ZOM which
were shrouded in cylinders of ZrB?+SiC+C(A,.10) as ifidicated in Table 30
and Figure 233 showed no sign of reaction with the shroud, This indicates
compatability between the coated tungsten and boride composite under these
conditions.

Figures 234 and 235 show post exposure metallographic
sections through sample WSi?/W(G-18)-4M which represent a "maximum
severity survival" condition in the Model 500 at one atmosphere stagnation
pressuxe. This test conducted at a flux level of 460 BTU/ftsec and 2785
BTU/lb survived the full 1800 second exposure as did tests (G-18)-ZiM and
ZZM at slightly lower flux levels and slightly ,igher enthalpes. In all three
cases, the observed surface temperatures were below 3450 F which cor-
responds to the survival limit noted in the furnace tests (4). In addition, in
each case the calculated temperature based on Eqs. 2 anT3 was 40% to 60%
higher than observed. This finding is in keeping with the behavior noted for
SiC, SiC coated graphite and SiC bearing composites discussed earlier.

Raising the conditions slightly as in (G-18) -14M at 440
BTU/ft-sec and 3485 BTU/lb results in coating burn-off and tungsten abla-
tion. This test resulted in complete ablation of the sample in 1032 seconds.
The initial length of 452 mils leads to a rate of about 0.44 mils/sec under
these conditions or a 30 minute recession depth of 790 mils. These rates
are in good agreement with calculated recession i ates for tungsteu ablation
(6). It should be noted that once the WSiZ coating is burned off (as in (G-18)-
1IM) the ratio T(CALC)/T(OBS) drops to unity. This finding offers strong
support for the calculation and the conclusion that silicious materials act to
lower the surface temperature. It also mitigates against errors due to con-
duction losses. Figure 235 shows the W 5 Si 3 zone formed during Test (G-18)-
4M. The width of this zone is seen to be 0.-55 mils. Table 31 suammarizes
the W 5 Si3 zone widths measured after exposure of all the WSiZ/W(G-18)
samples. The results are plotted in Figure 237 for comparison with
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published values (21. ZZ and comnDlemrtniv vq1nis. rihf-.; A�� _,-_, ITI__
tests of this mater-i-al (T, 5). Figure 236b shows a similar measurement of
W 5 Si 3 zone width for exposure (G-18)-6R in the Rovers arc.

Reference to Figure 237 shows that Lhe zone width dataobtained in arc plasma tests under HG/CW conditions at temperatures above30501F are in good agreement with the observations obtained using otherexposure techniques; however, at lower temperatures, substantial dis-
crepancies exist as shown ia Figure 237. These differences cannot be
attributed to errors in zone width measurement or temperature measure-
ment. At present the source of these difierences is unknown.

The data presented in Table 30 show that Mach 3.2 ex-posures at Pe = 0.082, ie = 8310 BTU/lb and qcw = 554 (Sample No. 6RB,
Table 30) did not lead to failure. However, exposures 7RA-7RB and 8RA-
8RB described in Table 30 clearly describe failure conditions. In theformer ,;ase, the five mil coating of WSiZ burned off after 300 seconds ata surface temperature of 3610_F generated by Pe = 0. 158 atm, ie = 8020BTU/lb and qcw = 781 BTU/ftsec. Subsequently, the surface temperaturerose to 5420OF as the tungsten began to burn and 40 mile of tungsten werelost during the 50 second exposure of the bare tungsten. Expoakures 8RA and
8RB repeat the 7RA-7RB conditions and extend the expoeure time for oxida-tion of the bare tungsten surface. These exposures (7RB-SRB) indicate arecession rate of 0.80-U. 95 mils/sec. The computed rate (6) is 0.35 mils/
sec under these conditions. The comparsion of tungsten recession ratesobserved in this study with those reported in the literature (17) shown in
Figure 7 is quite reasonable. These failure conditions are Li-agreernent
with the air oxidation, oxygen pickup and high velocity (CG/1HW) tests whichindicated failure )f the WSiZ/W coating system at 3450uF to 3680 0 F. Table
30 illustrates the effects of the WSiZ coating on the surface temperature.
For these cases (in contrast to the aforementioned behavior of the boride,
graphite and graphite composite mnaterials) the T(CALC)/T(OBS) ratios aremuch larger than unity. Exposures 7RA-7RB and 8RA-8RB are particularlyilluminating in this regard in that 7RB and 8RB, corresponding to the baretungsten surface after WSi 2 burn-off, yield ratios much more typical of theborides and graphites. As indicated earlier, SiC(E-14), Table 26, exhibited
high values of T(CALC)/T(OBS).

Exposures (G-18) -Z3R and (G-18) -24R bracket failure con-ditions at a stagnation pressure near 0.25 atm. In this case, (G-18)-24Rsurvived a full 30 minute time period characteristic of a hot gas/cold wallexposure at a heat flux of 653 BTU/ft'sec and an enthalpy of 7460 BTU/lb.
Raising the stream conditions slightly to 699 BTU/ftsec and 3180 BTU/lb
results in coating failure.

The behavior, of Sn-Al/Ta-10W(G-19) shown in Table 32and Figures 7 and 238-246 compares HG/CW arc plasma test results withfurnace data outained under CG/11W conditions. In addition, post exposure
photographs of all samples are presented along with "maximum severity
survival' and "minimum failure conditions".
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The behavior of Sn-AZ/Ta-10W(G-19) indicates failure
at teinperatures above 30090 F in agreement with the results of CG/HW
tests (4, 5). ExwiihiaLionl of Table 32 shows that the subsonic exposures

(G-19)--29, 3M and 4M resulted in protection at surface temperatures up
to 30000F. In the last case illustrated in Figures 239 and 240, flux-
enthalpy conditions at 350 BTU/ft2 sec and Z980 BTU/lb were not sufficient
to degrade the coating in 1830 seconds.These conditions lead to a computed
temperature, TCAJGC = 45900F, on the hasls of Eqs 23-25. However, at
slightly higher conditions of 390 BTU/ftgsec and 2880 BTU/lb (exposure
(G-19)-1M) shown in Figures 241 and 242 which , zrrespond to TCALC =
46401F, complete degradation of the coating occurs. As in the case of
WSiz/W(G-18) and KT-SiC(E-14) the ratios of T(CALC)/T(OBS) are much
larger than unity when the coating is retained. When the coating is elim-
inated (i.e., (G-18)-IM, 5M and 6R), the T(CALC)/T(OBS) ratios are
closer to unity. Table 32 contains the values of total normal emittance
for Sn-A/-Mo coated Ta-10W as determii,.ed from measurements of sur-
face radiation as EN = 0.59. Values of EN = 0.44 and CN = 0.17 were
measured for Ta 2 O5 and liquid tantalum. These values will be discussed
in Section II. D.

The results contained in Table 32 lead to the following
characterization of survival and failure conditions for Sn-AZ/Ta-lOW
(G-19):

PASS

P Mach i
No. _e No. cw e

(atm) (BTU/it'sec) (BTUlbT

9R 0.010 3.2 158 10,520
7R 0.050 3.2 355 7,100
4M 1.0 0.29 350 2,980

FAIL

P Mach q i
No. e No. cw e

- tm) (BTU77tesec) (BTU/Ib)

SR 0.011 3.2 200 11,440
6R 0.063 3.2 504 8,740
IM 1.0 0.3Z 390 2,880

These results show the expected decrease in coating stability with decreas-
ing pressure. Rovers exposures Sn-A1/Ta-10W(G-19)-9R and 8R shown in
Figures Z43-246 illustrate survival and failure under low pressure condi-
tions.
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171. W+Zr+Cu(G-201 and W+A&(G-21l

Table 33 summarizes the tests conducted on the tungsten
composites W+Zr+Cu(G•-20) obtaIncd from ,oc.-etdy. e (Z3) - LLd W-FAg(G-2i)
obtained from Wah Chang. The latter material was onl-y-exposed at one
atmosphere stagnation pressure. CG/HW tests were not performed for
these materials. Reference to Table 33 shows that values of T(CALC)/
T(OBS) near 1. 3 were obtained for these materials. This result is not
surprising in view' of the fact that the heat resisting mechanism involves
vaporization of Cuor Ag. This behavior will be discussed further in Section
I. D. Figures 7 and Z47-260 show the recession in thirty minutes as a
function of temperature for the current set of tests as well as post expo-
sure photographs of all exposures and examples of "maximum severity
survivals" and "minimum failure conditions".

Arc plasnma tests have been reported for W+Zr+Cu
(G-Z0) by Schwarzkopf (23) who observed a gross recession of 91 mils
after a 720 second exposure at a stagnation pressure of 0. 121 atmospheres,
a stagnation enthalpy of 10, 520 BTU/lb and a cold wall heat flux of 535
BTU/ftgsec at Mach 3. 2. One half inch diameter flat faced samples were
employed in these tests (Reference Z3, pages 62-63). Reference to Table
33 and Figure 252. show the results o-Ta comparable exposure, W+Zr+Cu
(G-20)-9R, run at a stagnation pressure of 0. 1 atm, a stagnation enthalpy
of 10, 680 BTU/Ib, and cold wall heat flux of 585 BTU/ftZsec at Mach 3. 2.
A gross recession of 17 mils was observed after 775 seconds. Total
recession of 22 mils was observed. Exposure (G-20)-7R was performed
at 0. 075 atm, 9, Z80 BTU/lb and 489 BTU/ftZsec resulted in a gross reces-
sion of 28 mils and a. total recession of 43 mnils after 1800 seconds. How-
ever, when the conditions were increased to 0.135 atm, 11,980 BTU/lb
and 662 BTU/ft2 sec melting was observed initially followed by oxidation.
The gross recession was 253 mils and the total recession was Z57 mits
after an exposure time of 500 seconds as shown in Figure 254. In the
Model 500 tests at one atmosphere stagnation pressure extremely rapid
degradation was observed at much lower flux and enthalpy leveis." Thus,
W+Zr+Cu(G-20)-IM exhibited a recession of 147 mils after 157 seconds
at 1.03 atm, 2970 BTU/Ib and 315 BT U/ft2 sec. This behavior indicates
that the mechanism of degradation is sensitive to pressure in the 0. 1-1. 0
atmosphere range. The precise nature of the degradation mechanism which
is operative is not clear at present. Figures 247-251 illustrate the behavior
at one atmosphere atagnation pressure.

The results obtained for W+AG(G-21) in the Model 500
tests at stagnation pressures of one atmosphere were comparable to the
results for (G-20). Figures Z56-260 illustrate the high rate of oxidation
at one atmosphere.

18. Silica-Tungsten Compo jites SiO 2 +68. 5 w/o W(H-22)
and SiO,+60 w 10 W (H•.- Z3)

The current results for SiOZ+68. 5 w/o W(H-22) and
SiO 2 +60 w/o W(H-23) are shown in Tables 34 and 35 and in Figure 8.
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Post exposure macrographs as well as "maximum severity survivals" and
"minimum failure exposures" are shown in Figures Z61 -Z72. Tlhe .... vi•rO L-1
of these materials is quite similar. Figure 8 shows good correspondence
between the CG/HW furnace tests and the HG/CW arc plasma tests. In
particular, exposures at one atmosphere which achieved surface trnmpera-
tures in excess of 4000°F all exhibit viscous flow. Higher oxidation rates
are observed at lower pressure due to instability of SiO2 relative to SiO
(Section VI of Reference 4). All samples exposed in the Model 500 showed
sting hole cracking. In addition, all samples which flowed and mushroomed
during exposure increased. in front face diameter and were exposed to lower
effective flux levels. Microstructural features shown in Figure 270 illus-
trate depletion of tungsten particles from the surface of the one atmosphere
tests. The low pressure exposures showed no tungsten depletion, sting hole

cracking or viscous flow. Test SiOZ + 68.5 w/o W(H-ZZ)-4M in Figure Z6Z
shows rapid recession at a surface temperature of 5Z05 0 F and one atmosphere.
At a lower temperature (Test (HI-2)-ZM, Figure 263) the recession rate is
much lower but sting leg oxidation is observed due to the lack of SiOZ vis-
cosity (see Section InI. K of (5)). Figures 261 and 265 show tests (H-2Z)-IOR
and (1-1-ZZ)-7R which illustrOie the zones depl:e. of tungsten particles. The
latter figure shows the SiOZ zone (depleted of tungsten) actually separated
and "pcoled back" from the sample.

Reference to Table 35 shows that tests SiO2 +60 w/oW
(H-Z3)-6M, 7M. 15M, 16M, 17M, 18M, 19M and 20 M which achieved sur-
face temperatures in excess of 4000 0 F all exhibit viscous flow. Higher
oxidation rates are observed at lower pressure due to instability of SiO2
relative to SiO (Section VI of Reference 3). All samples exposed in the
Model 500 showed sting hole cracking. Iix addition, all samples which
flowed and mushroomed during exposure increased in front face diameter
and were exposed to lower effective flux levels. Figures Z67-270 show
exposures SiO2 +60 w/oW (H-3Z)-ZM and 15M. Figure 270 shows the zone
depleted of tungsten particles. Figures 271 and 272 show Rovers expo-
sures SiO +60 w/o W(H-23) -8R. The low pressure exposures showed no
tungsten Zpletion, sting hole cracking or viscous flow.

The T(CALC)/T(OBS) ratios shown in Tables 34 and 35
indicate values of 1. 10 for SiO2 +68.5 w/o W(H-22) and 1.25 for SiO2 +
60 w/o W(H-23). These values will be discussed further in Section II. D.
However, the former appears low, while the latter seems consistent with
values obtained for other silicon bearing materials. It appears difficult
to blame the small difference in tungsten content between (H-2Z) and (H-23)
for the disparity in T(CALC)/T(OBS) ratios.

19. Hf-ZOTa-ZMo(I-23)

The results obtained for Hf-ZOTa-ZMo(I-23) are surmmar-
ized in Tables 36, 37, 38, 46 and 47. Figuv'e 8 compares the I-IG/CW test
data with results obtained in CG/HW furnace tests. Photographs of alltest
samples after exposure and metallographic sections of selected samples are
displayed in Figures Z73-293. Reference to Tables 36-38 indicates that the
ratio T(CALC)/T(OBS) for this refractory metal alloy is near 1. Z0 when
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Iuv. ZII occur. 'nlus characteristic will be discussed in Section
If. D. As shown. in Tables 46 and 47, temperature gradients of 15000 R or
more exist through 100 and 400 r.il_ wail 'hickn.css, s of this material dur-
ing oxidation, Measurement of these gradients has been discussed in
Section II. B. 4 of Reference 3. Large gradients have also been observed
in high velocity CG/H.W tests'(5).

Reference to Figure 8 shows that IIf-ZOTa-ZMo(I-Z3)
exhibits the same characteristics shown by the diborides HfBz 2(A-2) and
ZrB2 (A-3) where the rate of recession in the CG/HW furnace test exceeds
that in the HG/CW arc plasma test at a given surface temperature. As
indicated above, the source of this behavior are the temperature gradients
and operation of the MOTEL criterion discussed in Section I.B. Indeed,
the gradients are so severe that surface temperatures up to 50000F are
observed over long periods of time even though the alloy melts at 3860'F
(Reference 2, page 5) in furnace tests. This behavior is indicated in 24M,
44R and IMZ shown in Tables 36 and 37. Reference to Figure 8 does not
indicate any effect of stagnation pressure on oxidation rate in the 0.01-1. 0
atmosphere range covered by these tests. This result is in keeping with
earlier observations (24). Figures 274 and 273 show post exposure photo-
graphs of (I-23)-45M, -4"6M, 47R and 48R which were shrouded in ZrBZ+
SiC+C(A-10) cylinders. Post exposure examination showed no interaction
indicating compatibility between (1-23) and (A-10).

Figures 276 and 277 show the low recession observed for
test (1-23)-IM at an observed temperature of 4030°F on the front face of
the sample at the air/oxide interface. This temperature is 170°F above the
melting point of 3860°F observed for samples of this alloy. This result is
due to the occurrence of temperature gradients in the HG/CW tests. Ex-
posure Hf-20Ta, ZMo(I-23)-14M at 605 BTU/ftsec and 3965 BTU/Ib cor-
responding to a surface temperature of 4620°F melted in 30 seconds. By
contrast, (1-23)-ISM (shown in Figures 278 and 279) at 515 BTU/ftsec and
3735 BTU/lb exhibited a surface temperature of 4645°F and did not melt.
Nonetheless, (I-23)-15M showed melting of the oxide but not of the metal.
This would imply a temperature gradient of more than 700OF through the
oxide. It. contrast to (I-23)-15M, exposure (1-23)-IM at g3 0 BTU/ft2 sec
and 3Z95 BTU/lb exhibited a surface temperature of 4030 F. ROVERS
exposures Hf-Z0Ta-2Mo(I-.Z3)-l2R and 9R are shown in Figures Z80-283.
The former shows protective oxidation at 378 BTU/ft2 sec and 12, 710 BTU/
lb (surface temperature equals 3755 0 F). Surprisingly, (I-Z3)-9R at 337
BTU/ft2 sec and 11, 250 BTU/lb (surface temperature equals 4220 0 F) showed
signs of melting. This could be due to the formation of a very thin oxide at
low pressure which was not an effective insulator.

Figures 284 and 285 .show post exposure photographs of
several (1-23) samples which were employed for measurements of internal
temperature. Sample (1-23)-3MGC e:ows the results of a burn-through after
1455 seconds. The time-texperature history of this exposure which is doc-
umented in Table 46 shows that the internal temperature reached 3800°F'
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(melting point equals 386 0 °F) at this point. Sample (I-Z3)-IMC is shown
alter sectioning in Figure 285. The tungsten, bLing is iji plcei '"Ju fig--
ure to illustrate the small contact area for conduction losses.

Figures 286-293 illustrate samples exposed to multiple
cycles and in the hemispherical configuration after sectioning.

Test (I-23)-Z7M wa. exposed to seven cyclic exposures
at a stagnation pressure of 1. 05 atmospheres, a stagnation enthalpy of
3300 BTU/lb and a cold wall heat flux of 410 BTU/ft sec. The observed
surface temperature was 4Z30°F and a recession of 138 mils was observ,_d
afte an exposure of 11, 600 seconds in cycles of 1800 second duration.
This behavior is not quite as good as that exhibited by ZrBZ+20%SiC(A-8)-
17M shown in Figure 83 or ZrBZ+SiC+C(A-10)-24M shown in Figure 109.
These samples ran for longer times under more severe conditions than did
(I-Z3)-27M and exhibited less recession. Nevertheless, Hf-ZOTa-2Mo(I-23)
isnetallic and as such offers advantages as regards fabricability and
resistance to thermal stress. On the other hand (A-8) and (A-10) possess
higher strength and more temperature capability (6) than (I-Z3).

Figure 288 illustrates the results obtained with Hf-Ta-Mo
(I-23)-28R after a 4 cycle exposure at a stagnation pressure of 0. 12z atmn.,
an enthalpy of 7600 BTUIlb and a cold wall heat flux of 398 BTU/ft sec.
Total exposure time was 7220 seconds yielding a recession of 55 mils. As
indicated above, boride composites shown in Figures 71, 91 and 111 exposed
to more severe conditions in the ROVERS facility exhibited less recession.
However, the behavior of Hf-Ta-Mo(I-Z3) -28R is outstanding for a metallic
structure.

The earlier discussions of cyclic boride exposures pre-
sented in Sections H. B. 5, 6 and 8 made note of the fact that the temperature
increased from one cycle to the next. Reference to Tables 37 and 38 indi-
cates that although tests (I-Z3)-2.7M exhibited an increase in surface
temperature during the first two cycles, the temperature was relatively
stable from cycle III to cycle VII with T(CALCG)/T(OBS) ratios near 1.08.
Surface temperature held steady during cyclic exposure of (I-23)-28R with
T(CALC)/T(OBS) ratios near 1.27.

Figures 290-293 show the results obtained with hemispher-
ical capped samples of (I-23)-38MH and 39RH. Reference to Tables 37 and
38 show that T(CALC)/T(OBS) for these tests were 1.12 and 1.44, respectively.
Although the latter value is higher than the typical ratios observed for this
material (1. Z0) the former value is lower. In any case, the magnitude of
temperature reduction observed with hemispherical caps is smaller than
observed for (A-8), (A-8) and (A-10) (c. f., (A-7)-36MH, Table 6; (A-7)-
481H, Table 8; (A-10)-35MMH, Table 13; and (A-10)-46R1H, Table 14).

38



I

........... ~Cua'ed Tuco Graphite ±riU (L-Z4)

Iridium coatedPoco graphite samples furnished by Rat.teile
Memorial institute (Z5) wore tested in the Model 500 and Rovers facilities.
In view of the high cost of these samples an attempt was made to use them
for several runs and to avoid sectioning(thus destroying the sample) where
possible. Accordingly, techniques were employed for nondestructively
measuring coating thickness (Reference(j),pages 7, 8, 24 and 25). Most
of the coatings were of the order of 20 mils thick based on the NDT re-
sults and the observations made on sectioned samples. The sample num-
bers supplied by Battelle weze retained in order to perrnit cross referencing
with the fabrication report (25). In addition to the samples of Ir/G(I-24)
listed in Reference (1), Bats--Tle supplied two cylinders of iridium coated
graphite in which an'ridium-50 v/o HfOZ coating was applied to improve
the oxidation resistance. Photographs of these samples are shown on page
101 of Reference (25). Fabrication is discussed on page 89 of Reference
(25). In accordanc- with the Battelle designation, these samples are
l-uimbered Ir/C(I-24) -36 and 37.

The results obtained in arc plasma testing of Ir/C(I-24)
are summarized in Table 39. Figure 8 shows the temperature dependence
of the oxidation behavior, while Figures 294-301 display post exposure
photographs of all test samples and sections through a failure and a sur-
vival. In line with the CG/HW tests reported earlier (4), iridium exhibits
very low oxidation rates up to its melting temperature-at 4430 0 F. The
temperature of the iridium-carbon eutectic (4) is 4175 0 F. Reference to
Figure 8 shows that samples exposed to highier conditions exhibited melt-
ing of the coating and ablation of the graphite. The major drawback of this
coating system is the low emittance of the iridium (e z 0. 30). However,
addition of HfO2 raised the emittance to values near 0.50 and extended the
range of conditions under which the coating can be used. Thus, examina-
tion of Table 39 shows that the pure coating is destroyed at flux levels in
excess of 310 BTU/ft2sec. At flux levels below 300 BTU/ft2 sec the coat-
ing is hardly affected; however at higher levels, melting followed by rapid
ablation occurs.

However, when HfOZ is added to increase the emittance,
failure does not occur until the flux level reaches 510 BTU/ftsec (i.e.,
see tests 36MRA and 36MRB).

In summary, although Ir/C(I-24) has excellent tempera-
ture capability to temperatures near 42000 F, it has very low res'.stance to
stream conditions. In fact (6), if heat flux/enthalpy characteristics are used
as a yardstick, Ir/C(I-24) ria."ks below SI/RVC(B-8), described in Table 19,
even though the latter has a temperature limit near 3300 0 F. The difference
is caused by the fact that (B-8) has a higher emittance than (1-24), 0.69 vs.
0.36, and a higher T(CALC)/T(OBS) ratio, 1.36 vs. 1.21. These factors
will be discussed in further detail in Section II. D.
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0. ;.u1Li uf TemperaLure '..racient measurements

As indicated above, temperature gradients have been asir.d
through 100 and 400 mil walls of ZrB2(A-3), HfB 2 1+20%SiC(A-7), ZrB 2 +

20%SiC(A-8), ZrB2 +SiC+C(A-10), RVA(B-5), WSi 2 /W(G-18) and Hf-20Ta-

ZMo(I-Z3). Tables 40-47 detail the time-temperature histories obtained
in these tests. Figures 302-312 show the time-temperature data graphi-
cally. Calculations of the temperature gradients through the test cylinders
described by Figures 302-312 are presented in Section VII of Reference
(6). These calculations are based on side losses due to radiation and con-

cruction down the length of the model but no ticat loss via conduction. Thus,

the model employed ihplies a modification of Eqs. (2) and (3) to reflect

side losses.

The materials chosen for examination actually cover a wide
range of characteristics. Thus RVA(B-5) represents an ablator with no
coating. On the other hand WSiz/W(G-18) provides an alternative situa-
tion where the bulk thermal conductivity is nearly three times that of

RVA(B.-5) at the temperature of interest. However, WSiZ/W(G-18) has

a 5 mil WSi2 coating which has a thermal conductivity approximately one
third that of RVA(B-5). The remaining materials, (A-3), (A-7), (A-8),
(A-10) and (1-i3) have bulk thermal conductivities ranging between 0 5 to
S 0. 8 that of tungsten. However, they all form oxide coatings which have
very low thermal conductivities. Thus, the coating which forms on ZrB2
(A-3), which is quite flakey, is estimated to have a thermal conductivityof 10-4 BTU/ft sec°R or 65 times less than RVA(B-5).

The thermal conductivity of the oxides formed on (A-7), (A-8),

(A-10) and (1-Z3), which are more adherent, was estimated to be five times

larger than the oxide formed on (A-3).

Examination of Figures 302-31Z shows that with few exceptions,
the internal temperatures remain fairly constant over long periods of time.
The exceptions are cases in which fairly rapid degradation is occurring.

Thus, the principal exception i;, test (I-23)-3MC discussed earlier in

Section II.B. 18 where the molting point was achieved at 1455 seconds. As
a consequence, comparison of the computed valuer., which are based on a

steady state condition, with the observed temperatures appears justified.

This description is contained in Tables 23-28 of Reference (6) which com-
pare the observed internal temperatures with calculated values for

ZrBZ+SiC(A-8), ZrB (A-3), Hfl'2 +SiC(A-7), RVA(B-5), ZrB2 +SiC+C(A-10),
WSi 2 /W(G-18) and H -- ''a-Mo(1-2'3). Data include measured front face and in-

ternal temperatures, TI and Td, the cold wall heat flux, q, the stagnation enthalpy,

i., and the stagnation pressure, Pe. In addition, these tables show the

radius, R, length, L, and oxide coating thickness, I. The latter was

equated to the conversion depth for the oxide formers. For WSiz/W, I
was equated to the WSi 2 coating thickness and I=0 for RVA(B-5) graphite

which ablates without coating formation. Values of the emittance, Eq
(see Section I1. D) as well as suitable values of the thermal conductivities
characteristic of eachmaterial for the coatingkF and the substratekS are also
shown in Tables 23-28 of Reference (6).
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The compute(! results are displayed in terms of the ratio of

calculated front face temperature to observed front face temperature
Tf(CALC)/Tf(OBS) and the ratio of computed in-depth temperature
Td(CALC) to computed front face temperature Tf(CALC). If the agree-
ment is exact (e.g., Hf-Ta-Mo(I-23)-43R in Figure 311), the ratio of
Tf(CALC!,/Tf(OBS) would be 1.00. In the examnple,Tf(CAL.C) is 4440 01R
vs. 4530 R = Tf(OBS). Similarly the measured temperature at 109rnils
is 3560"R vs. Td(CA.LC) = 3380 0 R. In this case, the observed gradient
is 9600>. while the calculated gradient is 10600 R in 109 mils.

All of the runs shown in Tables 41-47 were performed on flat
faced cylinders except those designated by a suffix H (hemisphere) or S
(cylindrical shroud with a 200 mil wall). Photographs of these models
have been presented. The shrouds and hemispherical caps did not alter
the gradients observed for flat faced cylinders. Thus, all of the calculations
were based on flat faced cylinders ignoring the hemispherical caps and the
shrouds. Reference to Tables 23-Z8 of Reference (6) indicates relatively
good agreement between calculation and observatiori in view of the sirn-
ple model employed and the complexities of the experiments.

The largest deviations occur at low surface temperatures (i. e.,
Tf < 3300 R) for the materials which form SiOZ as an oxidationproduct.
Thus, in cases where samples of HfB2 +SiC(A-7), ZrBZ+SiC(A-8), ZrBZ+
SiC+C(A-10) or WSi 2 /W(G-18) were exposed with shrouds or as large
diameter hemispheres Tf (CALC) is considerably larger than Tf(OBS).
However, this difference is smaller than obtained when Tf is computed
on the basis of radiation equilibrium. The cause of this behavior is
presently unknown (6). Reference to Tables 23-28 of Reference (6) shows
that the calculated aind observed ratios of Td/Tf are in general agreement.

D. Average Values of Normal Total Emittance and T(CALC)/T(OBS)
.atios forthe-- andidate Materials

Tables 2-39 contain values of the radiated heat flux, q., ob-
served during the arc plasma exposures. These values are employed to
compute total normal emittance on the basis of Eq. 1. The resultant
values are contained in Tables 2-39 along side each exposure. As noted
earlier (3), the surface temperature which appears in Tables 2-39 and
in Eq. I 'is measured optically (at X = 0. 6 5p.) and converted to a true
temnperature by employing specific values of the normal spectral emittance
at X = 0. 65ja (5).

In addition to the measurements presented in Tables 2-39, two-
color pyrometer measurements were performed during the course of expo-
sures HfB +SiC(A-4)-2-M, PG(B-6)-9M, BPC(B-7)-6M, JTA(D-13)-ZM,
HfBZ+35%SiC(A-9)-6M and Si RVC(B-8)-13M. The results were combined
with the brightness temperatures in order to obtain spectral emittance
values at X = 0. 65ý. The results were found to agree reasonably with the
current values assumed for 1N at X = 0.65, (3, 5).

41



I

Table 48 summarizes the average of ail the EN results for
each material. Tests conducted on flat faced cylinders without shrouds
were employed exclusively in taking the averages. Separate averaged
eN values are presented for conditions where melting was observed and
conditions whwere a coated surface was removed. Most of the results
for the solid oxidized surfaces are between 0.6 + 0. Z. Lower values
are obtained for those cases where melting occiis (i. e., EN = 0.32 for
tungsten (WSi 2 /W) (G-18)).

In view of the relatively low values of GN observed for 0. 500
inch diameter graphite samples, a series of exposures were performed
employing samples which were 0. 740 inch in diameter. In the latter case,
the image fills a larger fraction of the Eppley thermopile viewing area
(3). As shown in Table 16, larger values of EN were observed with the
l'arger diameter samples. Similar experiments performed with ZrB9
(A-3) and Hf-ZOTa-2Mo(I-Z3) where solid oxides form (Tables 3 and 16)
did not show this behavior. For such cr .,s, difference in E N are not
anticipated since changes in diameter are got encountered during expo-
sure.

Table 48 summarizes averaged ratios of T(CALC)/T(OBS)
derived on the basis of Eqs. 2 and 3 and the stream conditions and sur-
face temperatures contained in Tables 2-39. Ideally, if radiation
equilibri: were the dominant !actor and all measurements were accurate,
these ratios should be unity. Although there are departures, it is sat-
isfying to note that the differences are small compared to those obtained
by considering the results of other studies (i. e., Figures 16-21 of Refer-
ence (6)). Reference to Table 48 shows that ratios of T(CALC)/T(OBS) are
lowerTor caseswhere melting is observed than for cases where a solid
oxide (or coating) is present. Moreover, Table 48 shows that large values
of T(CALC) /T(OBS) are characteristic for some of the materials. The
occurrence of ratios which are larger than unity implies resistance to
energy absorption by the material. Thus, exposure of HfB2 +SiC(A-4) and
HfC+C(C-1 1) to .dentical stream conditions (i. e., stagnation pressure,
enthalpy and coid wall heat flux) would result in an observed surface tem-
perature for the former which is 1.10/1.22 = 0.90, or 11% lower than the
surface temperature reached by HfC+C(C-11). This conclusion would ap-
ply if stream conditions were not sufficient to produce melting of HfB +
SiC(A-4). At lower levels, KT-SiC(E-14), WSi 2 /W(G-18) and Sn-Al a-
1OW(G-19), which exhibit T(CALC)/T(OBS) ratios of 1.43, 1.54 and 1.41,
respectively, demonstrate similar resistance to energy transfer. Al-
though the origin of this resistance is not clear at present, it is probably
due to blocking effects caused by evolution, of gaseous oxides. These ob-
servations suggest a method of ranking the behavior of the refractory
materials which differs from the present recession vs. temperature curves
(Figures 1-8). In Reference (6), an alternative method of presentation
which compares recession rate as a function of heat flux and enthalpy for
the candidate materials ie considered. This method does not require a
knowledge of the spectral or the normal emittance and integrates the
blocking effects characteristic of each material.
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E. Summary

Present results for HfB2 I(A-2) and ZrBZ(A-3) in the HG/CW
arc plasma tests show a marked difference between the recession rates
at a given surface temperature and those observed at the same surface
temperature in furnace tests (4). As shown in Figure 1, an oxidation
depth of 20 mils in 30 minutes"is obtained in an arc plasma test at 5000 F
while the same oxidation depth can be produced at 3500°F in a furnace
test. Alternatively a 100 mil oxidation depth is observed in a furnace test
at 4000°F after 30 minutes while comr arable oxidation depths are not ob-
tained in arc plasma tests below 5500 F. The source of this difference
is the temperature gradient through the oxide as indicated in Section I.B.
Thus, oxidation occurs slowly until temperatures are high enough to cause
melting of the boride. The excellent long-time oxidation resistance ofthis
material at 4000°F is illustrated in Figures 40 and 41.

Cyclic exposures of ZrB2 (A-3) and HfB2 . (A-Z) were per-
formed to assess the effects of heating and cooling [n three 600-second
cycles. At the lowest level ZrB2 (A-3) exhibited a recession equivalent
to that observed in an 1800 second test. At higher levels ZrB2 (A-3) ex-
hibited larger recessions for cyclic exposures than in the case of un-
interrupted 1800 second tests. By contrast, the cyclic tests performed
on HfB2 did not result in larger recessions than the uninterrupted tests.
Motion picture coverage indicated that the oxide formed on HfBz. I(A-2)
exhibited greater tenacity under these conditions than did the oxide formed
on ZrB (A-3). The latter flaked off between cycles. As indicated in
Section-I.B. 1, preoxidation of HfB2 (A-Z) to form a 10 mil coating did not
result in noticeable changes in behavior.

Reference to Table 3 shows that the ZrB2 (A-3) material
employed in these tests did not exhibit any thermal stress failures at
flux levels as high at 950 BTU/ftZsec. In contrast to the HfB2 . I(A-Z)
material discussed in Section II. B. 1, the (A-3) material was mechanically
sound and did not exhibit the flaws shown by the (A-2) in the nondestructive
tests prior to exposure (see Sections IV.B, C and Tables 15, 16 of Refer-
ence 1), However, Boride Z(A-5) was found to be very susceptible to
therni-al shock failure. Figures 59a and 59b show Boride Z(A-5)-4M and
8R which exhibit thermal shock cracks after exposure at 348 BTU/ft2 sec
and 3215 BTU/lb and 262 BTU/ft2 sec ay1 9200 BTU/lb, respectively.
Thus, flux levels above 200-250 BTU/ft'sec appear to result in thermal
shock failures of Boride Z.

Boride composites HfBZ+20ioSiC(A-4) and (A-7), ZrB2 +20%/
SiC(A-8) and HfB2 +35%/SiC(A-9) were found to exhibit remarkable oxi-
dation and thermal stress resistance in HG/CW arc plasma tests. Al-
though these materials display temperature gradients in the oxides, the
difference between the arc plasma and furnace oxidation depths are
small (Figure 2). This finding is in contrast to the results obtained for
HfBZ. l(A-Z) and ZrB2 (A-3) shown in Figure 1. The adherent oxide which
forms on these composit( s results in low recessions observed after
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exposures in the 3500° -4500 F temperature range. In addition, (A-4)
exhibited no thermal shock failures at flux levels up to 1000 BTU/ftZsec.
Radiation equilibrium calculations performed for exposures of these
materials showed that the ratio T(CALC)/T(OBS; for (A-2), (A-3) and
(A-4) exceed unity. Thus, the observedtemperature was 16% lower than
expected for (A-2), 9% lower than expected for (A-3) and 22% lower than
expected (based on radiation equilibrium) for (A-4). Similarly, the
other boride composites containing SiC, i.e., 11....El! Z010SiC(A-7),
ZrB2+20%SiC(A-8) and HfB2+357oSiC(A-9) yielded ratios of 1.25, 1.34
and 1. 17. Moreover, exposure of hemispherical models exhibiten
lower surface temperatures than those observed for flat faced cylinders.

Figures 71 and 72 show metallographic sections of (A-7)-28R
exposed for thirteen cycles (each of 1800 second duration). at a stagnation
pressure of 0.07 atm, an average heat flux of 495 BTU/ft2 sec and an
enthalpy near 10,300 BTU/lb. Reference to Table 7 and Figure 71 show
that the total recession after the thirteen cycle exposure was 15 mils.
This behavior is unrivaled by any other known material system.

Figures 73 and 74 show post exposure sections through (A-7)-
5ZM after 14, 030 seconds exposure in eight 1800- secodidcycles at a stagnation
pressure of 1. 03 atmospheres. The average cold wall heat flux was 450
BTU/ft2 sec at an enthalpy level of 4180 BTU/Ib. Total recession was 329
mils or about 0. 33 inches. Under similar conditions graphite and tungsten
would exhibit recessions of 14 to 28 inches. ZrB +Z0%SiC(A-8) displays all
of the same features shown by HfB2+7I0T-7) although it is not as refractory
as its hafnium base counterpart. However, the decrease in temperature re-
sistance is compensated for by the reduced density and cost. Zirconium
diboride is roughly one half the density and one tenth the price of hafnium
diboride. A few tests of (A-8) were shrouded and it is interesting to note
the results of (A-8) -Z9M in which a graphite shroud was employed (Tables
9 and 42). Although the boride exhibited minimal recession (8 mils in 1800
seconds) the graphite shroud which was one inch long ablated completely in
500 seconds.

Table 15 and Figure 1 show the depletion depths for ZrB2 +
SiC(A-8) as a function of temperature. This material exhibited the low-
est SiC depletion rate of all the boride composites. In addition, the
depletion rate in the current HG/CW arc plasnma tests were observed
to be less than depletion rates in CG/HW furnace tests at comparable
surface temperatures.

Measurements of the temperature gradients through oxide
coatings formed on ZrB2 +SiC(A-8) yielded results which are smaller
than exhibited by ZrB2 (A-3). This ", ý,ig appears to be due to the
higher thermal conductivity of the ox,' formed on (A-8) (as compared
with (A-3)) (6). Consideration of .-,'es 9 and 10 shows that ZrB +SiC
(A-8) exhibii the same tendency to develop low temperatures as ?A-4)
and (A-7). Thus, tests in the ROVERS facility at flux levels below
500 BTU/ft 2 sec and in the Model 500 facility at flux levels below

44



350 BTU/ft sec develop ratios of T A / ....... o' the order
oi i bO. This feature of the boride composites which contain SiC permits
a wider range of applicability than materials which exhibit (T(CALC) /T(OBS))near unity.

The behavior of HfB 2 +35%SiC(A-9) was found to be similar to
(A-4) and (A-7) as regards the T(CALC)/TOBS) comparison, recession
rate vs. temperature for HG/CW arc plasma tests and furnace exposures,
depletion depth vs. temperature in HG/CW tests as a function of tempera-
tuxe, etc. The major difference is that (A-9) is less reiractory than (A-4)
and (A-7).

Recession rates observed for graphites in HG/CW arc plasmna
tests are substantially higher than those observed in CG/HW furnace tests
at 1-9 ft/sec air flow rate (4). This indicates that the latter are supply
limited. As indicated earliir (5), the results of high velocity CG/HW tests
on graphite at air flow rates near 250 ft/sec approach the results obtained
in the arc plasma exposures. Modest temperature gradients were measured
through graphite samples during HG/CW tests. Limiting survival condi-
tions for Si/RVC(B-8) determined under HG/CW conditions depart from the
behavior in furnace tests and correspond to the failure characteristics ob-
served for silicon carbide in HG/CW tests. In the arc plasma tests, Si/RVC
(B-8) exhqbitf. protective oxidation up to surface temperatures near 3800 0 F,
some 700 F above the failure temperature in furnace tests. Graphite-type
behavior occurs above this temperature. At one atmosphere stagnation
pressure, coating burn-off occurs after 735 seconds at 470 BTU/ft sec
and 3720 BTU/lb. At a stagnation pressure of 0.01 atmospheres protec-
tive behavior was observed in a 30 minute exposure at 210 BTU/ft/ sec and
8850 BTU/lb.

The recession rates of all of the graphites are inversely pro-
portional to material density. Glassy Carbon (B-11) appeared to melt
during exposure. No post exposure examination could be made since the
sample was completely destroyed. Since glassy carbon is not reported to
melt at one atmosphere, the only explanation of such an observation must
be made on the bash, of surface contamination of the sample by tungsten
or copper (from the arc electrodes) and melting of the alloy. This con-
clusion is based on the findings at Lockheed (5).

Hypereutectic carbides HiC+C(C-11) and ZrC+C(C-12) ex-
hibited excellent oxidation resistance at surface temperatures below 5000°F
and melted under very high temperature conditions in line with reported
melting points. The present results are consistent with the eutectic tem-
peratures but show little dependence on the melting point of the oxides.
Current data indicate comparable oxidation rates in the CG/HW and HG/CW
tests. No thermal shock failures were noted at flux levels up to 750 BTU/
ft 2 sec. In line with the oxidation behavior noted in furnace tests, the
HG/ CW arc plasma tests show a "puffy" oxide which forms at the lower
temperatures investigated. This oxide has been noted in air oxidation tests
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performed in furnaces below 3400°F (4). Rapid oxidation occurs at the
back o" sa-naplcs wher'e the surface te-1perature is lower t.ai• at 1.. .. O-L-
face. This is another cbaracteristic of the HfG+C(C-11) oxidation which
is in line with the furnace test results (4). The oxidation behavior of

samples containing 13. 6 w/oC does not appear 4o differ materially frorr.
samples fabricated from the billets which contain 14.0 to 15.6 w/o carbon.
The behavior of ZrC+C(C-12) in the HG/GW arc plasma tests was found to
be similar to that of HfC+C(C-I1).

KT-SiC(E-14) exhibited rapid recession rates at surface
temperatures above 3900 0 F. This is some 400°F above the limit ob-
served in furnace tests and in line with the results obtained for Si/RVC
(B-8).

Composites of borides, carbides and graphites including ZrB?+
SiC+C(A-10), JTA(C-ZrB32 -SiC)(D-13), JT099z(C-HfC-SIC)(F-15) and
JT0981(C-ZrC-SiC)(F-16) exhibited HG/CW test results which were com-
parable to their CG/HW behavior. At elevated temperatures, destruction
of the protective oxide coating leads to graphite-type recession behavior.
ZrB +SiC+C(A-10) exhibits the best oxidation resistance in this group ow-
ing the fact that it contains the largest percentage of boride. In addition,
it exhibits lower recession rates in the HQ/CW tests than in the CG/HW
tests as is the case for ZrBZ(A-3). Melting of ZrB?+SiC+C(A-10) is en-
countered near 5000°F where substantial differences between low pressure
and one atmosphere oxidation rates are observed. Thermal shock failures
were not observed at flux levels up to 1010 BTU/ftZsec. The low density
14.5 gms/cm3 ), high strength, low modulus and good machinability ex-
hibited by' this composite, when coupled with its oxidation resistance up
to 5000 0 F, offer an exceptional combination of properties,

In general, the behavior of the (A-10) composite is quite
similar to that exhibited by (A-4), (A-7) and (A-8) discussed earlier in
Sections U.B-3, 5 and 6. However, (A-10) is not as refractory as (A-4)
and (A-7). However, the lower density and cost as well as the thermal stress resist-
ance and machining characteristics of this composite provide compensating
advantages. Figures 109-112 show sections through (A-10)-?54M and (A-10)-
26R after exposure for times up to 21, 600 seconds near 4500 F with total
recessions of the order of 100 mils. This behavior, which was discussed
in Section I. B shows striking evidence for the applicability of this material
in reusable lifting reentry spacecraft,

Exposures of hemispherical models of (A-10) indicate that
the observed temperature was 60% lower than expected. This behavior
(noted earlier with (A-7) and (A-8) in Sections U.B.4 and Il.B.6), char-
acterized by lower temperatures achieved with hemispherical models
than with flat faced models is not understood at present. Nevertheless,
the practical implications of this finding are substantial. For example,
(A-10)-25R, 26R, 40R and 41PR (which were flat faced models) exposed
at conditions similar to (A-10)-37R and 38R (i.e., 500 BTU/ft sec, 7700
BTU/lb, 0. 15 atm) exhibited temperatures near 5000°R in contrast to
(A-10)-37R and 38R which exhibited temperatures near 3700 0 R. Naturally
the hemispherical models exhibited lower recession rates. Sample (A-10)-
37RH is shown after sectioning in Figures 113 and 114.
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Similarly, sample (A-10)-48RH was exposed to four expo-

sures at ascending flux levels until evidence of melting was noted.
Melting of this hemispherical capped model was not observed to occur
until fluxes near 850 BTU/ft~sec were attained. Flat faced models I
melted near 650 BTU/ft2 sec.

Figures 194 and 195 show sample (D-13)-48MX after 4
cyclic exposures at a stagnation enthalpy of 4350 BTU/lb, stagnation
pressure of 1. 01 atm and a cold wail heat flux of 380 BnU/ftZsec. Each
exposure was 1800 seconds long making the total exposure time 7200
seconds. The average recession was 118 mils. This test can be com-
pared with (A-10) -24 shown in Figure 109 which exhibited a recession
of 104 mils after 12 cycles (1800 seconds each) totalling 21, 600 seconds
under comparable conditions.

Figures 196 and 197 show sample (D-13)-49RX after 4 cyclic
exposures at a stagnation pressure of 0. 57 atmospheres at a st nation
enthalpy of 9600 BTUilb and a cold wall heat flux of 440 BTU/ftysec.
Each exposure was 1800 seconds long making the total exposure time
7200 seconds. Total recession for this test was 45 mils. By compari-
son, (A-10)--26R exposed for 18,951 seconds at comparable heat flux
and enthalpy and a higher pressure (0. 238 atm) exhibited a recession
of 83 mils as shown in Figure 1 11.

As indicated in Reference (3) extensive precautions have
been taken in order to insure that temperature measurements of the
model surface are accurate. In general, the comparison of observed
surface temperatures in HG/CW arc plasma tests with values calculated
from stream conditions are in relatively good agreement. Moreover, a
number of temperature measurements employing two color pyrometers
yielded good results (page 8 of Reference (3)). In order to obtain addi-
tional verification of the surface temperature measurements, the melt-
ing points of tungsten and molybdenum were measured in the arc facil-
ities using pure nitrogen streams for comparison with accepted values.
The results of these tests are shown in Table 29 and in Figure 230.
The relative good agreement obtained in these tests should eliminate
concern over the accuracy of surface temperature measurements due
to interference of tho arc with optical observations.

A substantial number of thermal shock failures of JTA(D-13)
and JT0981(F-16) have been observed. For JTA(D-13), these failureq
occurred in random fashion at flux levels above 500 BTU/ftZsec. The
samples which failed by thermal shock were machined from 2-1/Z"
diameter x 2" long billets of JTA(D-13) in an orientation which cor-
responded to the hot pressing direction. Thus, the axis of the arc
plasma test sample was parallel to that of the hot pressed cylinder.
Under these conditions, residual strain present in the billets and in
the samples could provide a source of the failures. However, a series
of samples oriented with their axes prependicular to the pressing
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direction showed no thermal shock failures at flux levels'in excess of
500 BTU/ft~sec. This finding has particular relevance to applications
in which JTA(D-13) parts axe exposed to severe envrro•rmental heat
fluvxes. JT0992(F-15) did not exhibit sensitivity to thermal shock.

The behavior of these composites is characterized by low
recession rates at temperatures between 3000OF and 4500 0 F, best
illuatrated in ZrBz+SiC+C(A-10) and JT0992(F-15) at temperatures
up to 4500 0 F. Above 5000 0 F, the protection afforded by, formation of
ZrOZ (or HfO 2 ) and SiOZ is eliminated and oxidation rates which are
characteristic of graphite are encountered.

Failure limits for the coated refractory metals WSi /W
(G-18) and Sn-AI/Ta-1OW(G-19) have been established in genera agree-
ment with furnace tests. Maximum survival conditions for W*Si 2 /W
(G-18) are 450 BTU/ft2 sec and 3100 BTU/Ib at P = 1 atm. Atl ower
pressures, failure was observed at 458 BTU/ft2seec and 11,420 BTU/cb.
Coating failure conditions were established for Sn-AZ/Ta-10W(G-19) at
lower flux and enthalpy levels. Modest temperature gradients were
measured through WSiZ/W(G-18) arc plasma test samples.

Current results for W+Zr+Cu(G-ZO) indicate relatively good
resistance to oxidation at 10,000 BTU/lb and 500 BTU/ftZsec at 0. I0
atm in agreement with the findings of Schwarzkopf (5). However, in the
Model 500 tests at 1 atmosphere stagnation pressure, very rapid degra-
dation was observed at much lower flux and enthalpy levels. Thus W +
Zr+Cu(G-Z0)-IM exhibited a recession of 147 mile after 157 seconds at
1. 03 atm, Z970 BTU/Ib and 315 BTU/ftsec. This behavior indicates
that the mechanism of degradation is sensitive to pressure in the 0.1-
1. 0 atmosphere range. The precise nature of the degradation mechanism
which is operative is not clear at present. The results obtained for W+
Ag(G-Zl) in the Model 500 tests at stagnation pressures of one atmosphere
were comparable to the results for (G-20).

The silica-tungsten composites S1Oz+68.5 w/o W(H-ZZ) and
SlOZ+60 w/oW (H-Z3) exhibited similar recession behavior in the one
atmosphere HG/CW arc plasma tests as encountered in the CQ/HW fur-
nace tests. At low pressures, higher recession rates were observed
due to instability of Si0 2 relative to SiO. At temperatures above 4000 0 F,
extensive flow of this composite was observed, in agreement with the
furnace test findings. Samples exposed at one atnmosphere showed sting
hole cracking.

Arc plasma exposures of Hf-ZOTa-ZMo(I-Z3) exhibited lower
oxidation rates than in the CG/HW tests at comparable surface tempera-
tures. In addition, several samples with indicated surface temperatures
in excess of the melting point of the alloy did not melt. Current results
indicate that gradients of 1500 F can exist through 100 mils of alloy and
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oxide. This behavior is the basis for the surface temperature in the 40000-
5000OF range which were not accompanied by meltine of the nI rI r

Test (I-23)-27M was exposed to seven cyclic exposures at a
stagnation pressure of 1. 0 ....nospheres, a st YnatioeatL.I•i•tpy of 3300
BTU/lb and a cold wall heat flux of 410 BTU/ft sec. The observed sur-
face temperature was 4230 F and a recession of 138 mils was observed
after an exposure of 11, 600 seconds in cycles of 1800 second duration.
This behavior is not quite as good as that exhibited by ZrB +20%SiC
(A-8)-17M shown in Figure 83 or ZrB?+SiC+C(A-10)-24M slhown in Fig-
ure 109. These samples ran for longer times under more severe con-
ditions than did (I-23)-27M and exhibited less recession. Nevertheless,
Hf-ZOTa-ZMo(I-23) is metallic and as such offers advantages as regards
fabricability and resistance to thermal stress. On the other hand (A-8)
and (A-10) possess higher strength and more temperature capability (6)
than (1-23).

Figure 288 illustrates the results obtained with Hf-Ta-Mo
(I-23)-Z8R after a 4 cycle exposure at a stagnation pressure of 0. 132
atrn, an enthalpy of 7600 BTU/Ib and a cold wall heat flux of 398 BTU/
ftsec. Total exposure time was 7220 seconds yielding a recession of
55 mils. As indicated above, boride composites shown in Figures 71,
91 and 111 exposed to more severe conditions in the ROVERS facility
exhibited less recession. However, the behavior of Hf-Ta-Mo(I-23)-
38R is outstanding for a metallic structure.

Present results for Ir/C(I-24) are in general agreement with
the CG/HW tests (4), which showed that iridium exhibits very low oxida-
tion rates up to its-melting temperature at 4430 F. The temperature of
the iridium-carbon eutectic is 4175 0 F. Reference to Figure 8 shows that
samples exposed to higher conditions exhibited melting of the coating and
ablation of the graphite. The major drawback of this coating system is the
low emittance of the iridium (e = 0. 30). However, addition of I110Z raised
the emittance to values near 0. 50 and extended the range of conditions under
which the coating can be used. Thus, examination of Table 39 shows that
the pure coating is destroyed at flux levels in excess of 310 BTU/ft~sec.
At flux levels below 300 BTU/ft2 sec the coating is hardly affected. How-
ever, at higher levels melting followed by rapid ablation occurs.

In contrast, whenHfO2 is added to increase the emittance,
failure does not occur until the flux level reaches 510 BTU/ftZsec (i. e.,
Table 39 -36MRA and 36MRB). Thus, although Ir/oC(I-24) has excellent
temperature capability to temperatures near 4200 F, it has very loe,
resistance to stream conditions. In fact (6), if heat flux/enthalpy
characteristics are used as a yardstick, Ir/C(I-24) ranks below Si/RVC
(B-8), described in Table 19, even though the latter has a temperature
limit near 3200°F. The difference is caused by the fact that (B-8) has
a higher emittance than (1-24), 0. 69 vs. 0. 36, and a higher T(CALC)/
T(OBS) ratio, 1.36 vs. 1. 21.
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Temperature gradients have been measured throuLh 100
and 400 nilwalls of ZrB2 (A 3), HfBZ. ,l+ZO•j,. i.•%^_), ZrB2÷20%
SiC(A-8), ZrBZ+SiC+C(A-10), RVA(B-5), WSi 2 /W(G-18) and Ef-ZOTa-
ZMo(I-23). Table3 40-47 detail the time-temperature histories ob-
tained in these tests. Figures 302-312 show the time-temperature data
graphically. Calculations of the temperature gradients through the
test cylinders described by Figures 30Z-31Z are presented in Section
VII of Reference (6). These calculations are based on side losses due
to radiation and coinduction down the length of the model but no heat
loss via conduction. In general, relatively good agreement between
observed and calculated temperature gradients has been obtained in
view of the simple model employed.

Measurements of total normal emittance have been pro-
vided for all of the ca.-didate materials based on radiated heat flux
observations during HG/CW exposures. Averaged values obtained
for solid oxides formed during exposure are higher than normal
emittance values observed for melting surfaces. Comparison of cal-
culated surface temperatures based on stream conditions with those
observed yields relatively good results. However, systematic dif-
ferences worthy of note have been observed. Calculated temperatures
are quite close to those observed when melting occurs, but when solid
coatings are preE.... actual temperatures are below values computed
from stream cond.- as and the assumption of radiation equilibrium.
Moreover, materials containing silicon carbide achieve lower surface
temperatures during exposure than predicted on the basis of stream
conditions. As a consequence, the overall behavior of these materials
uider HG/CW conditions appears to be better than under CG/HW fur-
nace test condiLions.

The present results illustrate the difference between solid
oxide formers and graphites. The latter group exhibit increasing oxi-
dation rates with increasing pressure while the former show little pres-
sure effect. When the solid oxide formers are exposed to stream coan-
ditions at one atm, which result in surface temperatures below their
melting points, they exhibit recession rates 100 to 1000 times less than
graphites do under comparable conditions. Coated metals and silicon
carbide degrade at temperatures comparable to those observed in CC/HW
furnace tests. These limits are due to melting or rapid vaporization.
However, at a given surface temperature, the solid oxide formers exhibit
much lower recession rates under HG/CW arc plasma test conditions
than in a CG/HW air oxidation furnace test. This may be due to large
temperature gradients across the oxide which occur in the HG/GW tests.
Conversely, graphites exhibit higher recession rates in the HG/CW arc
plasma tests than in the CG/HW furnace tests due to artificial oxygen
supply limits imposed by the air flow limitations of the latter tests.

50



I

III. RESULTS (W Pr T4rCAT A n •- A A 7-1LASH A j,

IN THE AVCO TEN MEGAWATT FACILITY

A li.aLted number of tests were conducted early in the program to
establish thermal stress failure thresholds at low enthalpy levels. Al-
though this phenomena is quite complex, the tests were conducted in order
to determine flux thresholds for shock failure for cylinders of borides and
boride composites with different diameters. Subsequent results obtained
for hemispherical caps (vs. flat faced cylinders) which are reported in
Section JIB indicate that these thresholds will depend upon sample shape
as well as sample diameter. Descriptions of the facilities, techniques
and samples employed in these tests have been presented in Sections lID- 1
and IID-2 of reference (3) and Section VIE of reference (1).

A. Results of Ten Megawatt Arc Exposures

1. Calculation of Transient Thermal Gradients
in Boride C-ylinders

Since the present series of exposures were of
relatively short duration (maximum of twenty seconds) a series of one
dimensional heat transfer calculations were performed for hafnium di-
boride and zirconium diboride in order to comutoe the transient thermal
gradients through the cylinders. The values of density, p, specific heat,
cp, and thermal conductivity, k, employed in these calculations are shown
in Figure 313, while the results are shown in Figures 314a and 314b and
in Table 49. The calculations were performed for one inch thick samples
employing the properties of diboride compounds (12). Figure 314 and
Table 49 indicate that temperature gradients of 2I-"oF in 250 mils can
exist at a flux level of 1000 BTU/ft sec and an enthalpy of 2000 BTU/lb
at two seconds. These gradients are most severe near the front (hot
face) of the cjlinder. After twenty seconds, the thermal gradients are re-
duced to 800 F in 250 mils. Reference to Table 50 indicates that the
ratio of the computed temperature for radiation equilibrium (Eqs. 2, 3)
divided by the observed surface temperature is approximately 1.3.

2. Test Results

Table 50 summarizes the results of the present
tests. Headings include stream conditions, sample diameter, cold wall
heat flux, maximum observed surface temperature and computed surface
temperatures based on radiation equilibrium (Eqs. 2 and 3). In addition,
exposure time, recession depth, degradation mode and metallographic
features are summarized. The result of pre- and post-exposure non-
destructive test data are given in reference (I). Cases where samples
are numbered A and B (i.e., HfB 2 . I + ZjoSfi-(A-4)(HF-Z5A and 25B))
indicate situations where a sample was run consecutively under two
different conditions. Samples ZrB2 (HF-17) and HfB. I (A-6)(HF-20)
were the only models exhibiting cracks prior to testing. Neither sample
failed because of these flaws. Figures 315-317 show post exposure photo-
graphs of the 10MW samples. Reference to Figure 315 shows obvious
thermal shock failure of HfB2 . l(A-2)(H-I 1), HfB2 1 (A-6)(I-IF-20),
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HfB 2 . I + 20%SiC(A-4)(HF-Z5,Z6,36 and 38). Similarly, Figure 316 shows
that HfB.D 1 + 20%SiC(A-7)(HF-19B and 33) and ZrB 2 (A-3)(HF-5,6 and
7B) failed by thermal shock. Finally, Figure 317 shows thermal shock
failures for ZrBZ(A-3)(HF., 13,14 and 15), ZrB2 (ManLabs-Avco)(HF- 2),
Boride Z(A-5)(HF-1I and 12) and ZrB2 + 20%SiC(A-8)(HF--23B). The
occurrence of clear thermal shock failures appears to depend on material
and sample diameter. Table 51 summarizes the results and states
tentative fracture thresholds for the boride samples tested. For example,
HfB 2 + SiC(A-7) survived a flux of 948 BTU/ft 2 sec in the one half inch
diameter size but fractured at 840 BTU/ftZsec in the 7/8 inch diameter
size. Boride Z(A-5) did not survive the lowest fluxes employed. This
is in line with the results of Model 500 and ROVERS exposures discussed
in Section IIB-4. In line with the above mentioned effect of sample size,
specimens of ZrB + SiC(A-8) have been tested under AF33(615)3671 at
flux levels of 220c-2400 BTU/ft 2 sec, stagnation pressures of 17-18 atm
and enthalpies near 1450 BTU/lb. Surface temperatures between 3700 F
and 4000 F were noted for symmetrical wedge models of a sharp leading
edge. The models were two inches long, one half inch wide and one
quarter inch thick. Thirty and forty-five degree wedge angles were em-
ployed with a 30 mil radius of curvature. Three samples of ZrB2 + SiC
(A-8) were exposed for 15 seconds and survived with little erosion and
no thermal shock failures (8).

Subsequent to exposure, samples were examined
nondestructively by dye penetiaxrt techniques and then sectioned for
metallographic investigation. This procedure showed the presence of
fine cracks which were not evident dfter exposure. The observations
made after sectioning confirmed the NDT results shown in reference (I)
and Table 50. Figures 318-323 show post exposure sections of HfB2 '
(A-2)(HF-Z), Hf5 I(A-6)(HF-21), HfB 2 + 20%SiC(A-4)(HF-37), HfBf +
ZSiC(A-7)(HF- 3-and 18) and ZrB(ManLabs-Avco)(HF-17) which did
not thermal shock. As indicated in Table 50, all of the 7/8 inch diameter
samples contain cracks. As indicated in Table 50 and in Figures 318-
323, most of these cracks are between 100 and 400 mils from the front
face of the samples. Reference to Figure 314 and Table 49 indicates
thermal gradients of 1400 0 F in 500 mils in the vicinity of the fracture
point.
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IV. HOT GAS/COLD WALL ARC PLASMA PIPE TESTS TN TRE AVCO "
T-KN ME GAWAT •FAC1ILITY

A. Introduction

The purpose of this phase of the program was to examine exper-
imentally the performance of selected candidate materials in high shear,
turbulent flow steady-. state heating environmuents. In particular, these tests
attempted to simulate conditions at points beyond the sonic point where tur-
bulent bounaary layer fP w prevails over the major heating period. A
description of the experimental and calibration techniques employed is
given elsewhere (see pp. 21-24 of Reference 3).

Pipes of selected materials which were 1-1/4" long with a 75
mil wall were exposed. The candidate materials tested were HfBZ. 1+
20%SiC(A-7), ZrB2 . 1+20%SiC(A-8), ZrB2 +SiC+C(A-10), Si/RVC(B'-8)*',
KT-SiC(E-14) and Hf-Z0Ta-2Mo(I-23). One pair of pipe samples of each
material was tested at the initial test conditions of 3960 BTU/lb,
qcw = 480 BTU/ft2 sec, - = 26.8 lbs/ftZ. Based on visual inspection of the
results, conditions for the second pair of pipe samples were either in-
creased to 6000 BTU/lb, 590 BTUIft-sec and 26.4 lbs/ft2 or decreased
to 3520 BTU/lb, 410 BTU/ftZsec and 24.4 lbs/ft 2 .

B. Results of Pipe Tests

Table 52 and Figures 324-326 summarize the results of these
exposures. The material designation, sample number, position in the
stream, heat flux, enthalpy and shear stress are given in Table 52. As
indicated earlier (3), two pipes were run simultaneously. In each case
the pipe closest to the exit plane of the arc is designated as occupying the
UP position. The pipe farthest from the exit plane is designated as
occupying the DOWN position. The down section is regarded as the test
section. The purpose of the upstream section is to allow damping of flow
irregularities and weak shock waves arising from the supersonic expansion
processes in the pipe (3).

Table 52 also contains information covering pre and post expo-
sure weight and dimensions for each sample. Visual observations and
description of motion picture film coverage are also summarized. Refer-
ence to Table 52 and Figures 324-326 indicate that Si/RVC(B-8) was the
only candidate material to survive the starting and "high" test condition.
Post exposure examination indicated that the coating was burned off but
that the pipes remained intact.

All other candidate materials completely failed the starting
condition except for ZrB2 +SiC+G(A-10). The upstream pipe survived as

The wall thickness of the Si/RVC(B-8) pipes were 140 mils. The pipe
lengths we'e 1. 5 inches.
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"high" condition at 590 BTU/ft sec, 6000 BTU/Ib and 26.4 lbs/ftZ shear

stress. Under these conditions the downstream sample survived while
the upstream sample thermal shocked.

The Hf-Ta-Mo(I-23) pipes exposed to the starting conditions
of 480 BTU/ftlsec, 3960 BTU/Ib and 26.4 lbs/ft2 shear stress melted
badly as indicated in Figure 326. However, the Hf-Ta-Mo(I-23) pipe
which occupied the upstream position in the "low test condfition" did not

fail.

Post test examination of the pipes reinforced the observa-
tions made during the exposures which indicated that heat conduction at
the "0" ring resulted in severe temperature gradients (see Figure 64 of
Reference (3)). As a result of this feature of the tests, it is difficult to
make any finn quantitative conclusions about the results.

Qualitatively, the results indicate the fact that the thermal
stress resistance of graphite exceeds that of the boride composites, and
that ZrB +SiC+C(A-10) is more resistant to thermal stress failure than
HfBZ+SiC(A-7) and ZrBZ+SiC(A-8) which do not contain graphite and have
higher moduli of elasticity than (A-10) (11).
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"It PRES'T TS OF T 'TS CONDfTt7.T1WTh 7 T-T1•. r."RTnT-T.T. ArTRC)NATTTTC.AT,

LABORATORY WAVE SUPERHEATER

A limited number of samples were exposed in ime CAL W~ve Super-
heater. A description of the nondestructive tests perforined on the models
employed is contained in Section IV. D of Reference (1). Sc,;tion IV. D of
Reference (3) describes the facilities and techniques-employed in perform-
ing the exposures.

Analysis of the result obtained from models exposed in the Mach 6
Wave Superheater Hypersonic Tunnel are consistent with the behavior of
these materials in the HG/CW tests in the Model 500 and ROVERS facili-
ties. Limited recession was observed due to the short exposure time (15
seconds) and moderate temperatures (4000 0 F) encountered in these tests.
Analytical and experimental studies of the relative importance of con-
duction losses for hemispherical shells have been performed in order to
determine the origin of the unexpected behavior of 1/2" and I" hemispheri-
cal cap models of Hf-ZOTa-ZMo(I-23) and KT-SiC(E-14) in these tests.
Surprisingly, it was noted that the 1" diameter caps attained a higher
temperature level than the 1/Z" diameter caps. Although the origin of
this result is not definitely established, experimental simulation of these
tests produced a similar result in torch tests on steel samples, and analy-
sis has defined appropriate shell thickness/shell diameter ratios required
to avoid such effects.

A. Description of Tests

Sixteen refractory material models were exposed (HG/CW) to
the high velocity flow of air in the Mach 6 Wave Superheater Hypersonic
Tunnel. Data were taken in two 15 second tests of eight models, each at
a velocity of 10 4 ft/sec, a stagnation pressure (at the model nose) of one
atmosphere, and a tunnel flow rate of 2. 5 lb/sec. The models were de-
signed to permit their surface temperature to approach the radiation/
aerodynamic he ting equilibriun) value during each exposure to tL]e test
stream at q(R)l/ v 90 BTU/ft 3 /2 sec. As indicated earlier (3), the
models were expected to reach temperatures in excess of 400(71R.

All sixteen models tested were hollow hemispherical cylin-
ders. The "elox" process w-is used to bore from the aft end to provide
a uniform material thickness which was nominally 1/8 inch. The diam-
eter of the bore was a nominal 1/4 inch for the thirteen 1/4 inch nose
radius models and 3/4 inch for the three 1/2 inh nose radius models.
The purpose of the shell or "thimble" design was to promote faster wall
temperature response so as to approach the radiation equilibrium wall
temperature as rapidly as possible. A sketch showing the typical model
features and the typical attachment to their stings is presented in Figure
327. Eight models and a single 1/4 inch nose radius steady-heating cop-
per calorimeter were mounted in the tunnel by a multiple sting arrange-
ment as shown in Figure 328. Tables 53 and 54 list the initial dimensions
and sting positions occupied by each model.
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Motion picture coverage of the tests was provided a& indicated
earlier (3). Table 55 lists the camera settings employed for the motion

picture coverage. The methods employed for establishing heat flux, en-

thalpy and stagnation pressure were described in Section III of Reference
(3). Tables 56 and 57 summarize the results.

00 As indicated above, model surface temperatures in excess of
400001Rwere anticipated. Calculations based on a transient heat flux cal-
culation were presented in Section III. C of Reference (3). The results of
these calculations are reproduced in Tables 58 and 59 and are shown
graphically in Figures 329 and 330.

The models were not, in themselves, instrumented. The
calorimeter had one chromel/alumel thermocouple welded to the back
face of the thermal element. The models were observed individually by
miniature radiometers. In addition to individualmodel radiometers, one
ManLabs Milletron two-color pyrometer and one microphotographic cam-
era (Photosonics #4) were arranged to observe the stagnation point of the
model on sting number one. Two Photosonics cameras (#2 and #3) were
arranged to observe all models from the right (pilot's view) during both
runs. To obtain test conditions, the normal complex of Wave Superheater
cycle instrumentation data were recorded as well as the tunnel throat and
nozzle exit static pressure, and the test section cabin pressures. All
data were recorded on EFB or ERB 16 mm film and a CEC optical galvon-
ometer paper recorder.

Eight hemisphere-cylinder models and one calorimeter, as

listed in Tables 53 and 54 were expos ed in each (CAL 67-473 and 67-747)
test. Tabulated camera settings are presented in Table 55. The facility
functioned normally in both tests. However, the model instrumentation
suffered some difficulties. In particular, the two-color Milletron gave no
deflection, the microphotographic film was blank,and the test section win-
dows became cloudy during the first test. The JT0992(F-15), KT-SiC(E-14)
( one inch diameter) and Hf-ZCTa-ZMo(I-Z3) models were lost during the
first test, but the latter two were recovered from the floor of the test
cabin, and some (but not all) measurements were made on these (see Tables
53 and 54).

The nozzle, sting assembly and windows were removed and the
models replaced in preparation for the second test,, The Milletron two
color pyrometer was switched to a lower scale to improve its sensitivity.
The second set ofrmodels, the nozzle and the cleaned test section windows
were installed. The facility functioned normally for the second test. Again,
however, there were difficulties in obtaining model data. The windows
clouded early and a heavy dust deposit was found throughout the test cabin,
which has never before been observed. This dust appeared to be asbestos.
The recorded data show no deflection on any of the nine radiometers. The
dust was also deposited on the lenses of the miniature radiometers. The
microphotographic film was blank for the second tests, also.
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The miniature radiometer data are presented in Figure 331.
Model pre and post-test measurements are included for convenience in
the model identification and location data of Tables 53 and 54. No data
were obtained from the Milletron two-color pyrometer or the micro-
photography in either test. No data were obtained from the miniature
radiometer during the second test.

The one inch diameter Hf-ZOTa-ZMo(I-23) model which was
exposed in the first run (473) has a melting temperature of 3860 0 F. The
post-test examination of this model revealed evidence of the melt having
formed during the test. Since it is evident that the model 1-23-4 surface
temperature was at least 3860°F during •he test, a comparison of this
result with that of Figure 331 (Tw MAX = 2750°F) produces the conclu-
sion that the radiometer data are in error. This is indeed unfortunate
because it invalidates the only temperature data obtained. The failure of
this data can be attributed most probably to the dust in the test cabin,
X-ray analysis of the dust indicated that it was asbestos. By contrast,
the one half inch diameter Hf-ZOTa-2Mo(I-Z3) model exposed in the second
rung (474) showed no signs of melting.

Because of the relatively small heat absorption capacity of
the models, at the rate of heating oroduced by the stream, the surface
temperature should have approached the equilibrium value for the heat
balance between aerodynamic heating and radiation dissipation (see Tables
58 and 59). For a one inch diameter model at an emittance of 0,55, equil..
ibrium temperature is 4700 0 R. For a I/Z inch diameter model it is
5000°R (Figure 330). Figures 332 and 333 compare the calculated time-
temperature histories with the values contained in Figure 331. The lat-
ter have been "corrected" to true temperature by employing the values of
normal total emittance measured in the Avco Arc Plasma Tests (i. a.,
Table 48). In comparing tho observed and computed time/temperature
histories, it should be noted that coating of the radiometers by asbestos
dust as the exposure proceeded undoubtedly reduced the radiation received,
Thus, the one inch diameter hemispherical cap sample Hf-2OTa-2Mo(I-23)-
4-19 must have reached 4310 0 R during the exposure even though the maxi-
mum radiometer temperature was 3650 0 R. Secondly, the computations
were performed for ZrB2 which has different thermophysical and radiative
properties than the samples shown in Figures 332 and 333. However, the
product of pC K (density x specific heat x thermal conductivity) for these
materials is quite similar so that substitution of the specilic values in each
case would not alter the results. However,the value of normal emittance em-
ployed would have an important bearing. Thus, tungsten ard RVA graphite
having values of eN 0.32 and 0.52 differ most from the *N = 0. 55 em-
ployed in the calcuations. Reference to Figures 332 and 333 indicates that
the moduls were heated more rapidly than anticipated but did not reach the
anticipated radiation equilibrium temperature levels. Although the later
discrepancy may be due to coating of the radiometers, the observation that

(TCALC/TIONjS) is more than unity is in line with the results of the Avco
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exposures where (TCALC/TOBS) is approximately 1. 17 for RVA, 1.43 for
KT-SiC, 1. 04 for JT0992 at one atmosphere stagnation pressures. Bare
tungsten yields (TCALC/TOBS) at 1. 15 at Pe = 0.16 atm (see Table 30).

B. Metallographic Examination of the Test Models after Exposure

Figures 334 and 335 show post exposure photographs of all
the models. In addition, Tables 53 and 54 summarize the dimensional
changes which were very minor due to the short exposure time. The
zirconium diboride (A-3)-l-2 model in the sting I position showed no
recession and little change in structure. This finding is in general agree-
ment with the results obtained at Mach 0. 3 and P 1 = I atm presented
earlier for 1800 second exposures (Figure 1). Unfortunately no radiometer
measurements wore obtained for this model but it is doubtful that the sur-
face temperature exceeded 4000 0 F. The KT-SiC models which were posi-
tioned at the sting 2 and sting 3 positions in run 67-473 exhibited recessions
of 18 mile and Z mile during the fifteen second exposures. In this case,
the smaller model (488 mil diameter) reached a lower surface temperature
than the larger model (944 mit diameter) as indicated in Figures 331-333.
The cap of the larger model fractured on cooling (Figure 334). The ob-
served recession rates of 0. 1-1 mils per second or 180-1800 mils in 30
minutes are higher than indicated in Figure 5 for KT-SiC exposed at P =
I atm at Mach 0. 3. The RVA(B-5), PG(B-6) and BPG(B-7) samples w~ich
were exposed at the sting 6 position in Run 67-473 and sting 4 and 5 posi-
tions in Run 67-474 exhibited recessions of 30, 8 and 3Z mils in the present
runs which is comparable to the results shown in Figures 3 and 4; however,
the tungsten model, Run 67-473 sting 5 showed virtually no recession,
Recession rates near 1 mil/sec were anticipated on the basis of results at
Pe = 1 atm and a Mach Number of 0. 9 and the present results for bare
tungsten shown in Figure 7. The Sn-Al/Ta-lOW coated model, sting 8
Run 67-474, exhibited melting of the Sn outer layer but no degradation of
the inner layer, However, this modal probably attained a much lower sur-
face temperature than the other models due to high values of (TCALC/TOBS).

The models which formed solid oxides on exposure (i. a., Hf-ZOTa-
ZMo(I-Z3) sting 1 Run 67-474 and sting 4 Run 67-474, ZrBZ(A-3) sting I Run
67-473, HfBZ I(A-3) sting Z Run 674, HfB 2+SiC(A-4) sting 3 Run 67-474)
showed little recession in line with the temperature and time of exposure.
Similar behavior was noted for JTA(D-13) sting 7 Run 67-473; JT0981(F-16)
sting 6 Run 67-474 exhibited a recession comparable to the pure graphites.

The thermal shock failures noted for JTT099Z(F-16) sting 8, Run
67-473 and ZrB?,(A-3)-Z4-3 sting 7 Run 67-474 are surprising since these
materials have survived flux levels in excess of the current values without
failing. However, they were not tested as hollow shells. It is possible that
the defects present in the later model (1) may have contributed to failure.
Although HfB?,(A-Z) sam•les have exhibited thermal shock failures at
levels above 770 BTU/ft sac, no failures wnre observed below this level
in the Avco tests (Table Z) nor were any obvious defects noted for this sam-
ple as a result of nondestructive tests (_.
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Figures 334 and 335 shows post exposure photographs of these
models. Post exposure longitudinal sections arc ahown in Figures 3.36-3471.
Figure 336 shows Model ZrB2 (A-3)-1-2 which experienced a negligible
recession during exposure and no change in surface structure was observed.
Figures 337 and 338 illustrate KT-SiC(E-14)-1-8 and 3-18. Both models
exhibit melting of the silicon binder and depletion through the nose section.
Figure 339 shows Hf-2OTa-ZMo(I-Z3)-4-19 which melted during exposure.
Model W (uncoated) (0-18)-X-11 presented in Figure 340 showed no change
in structure as did RVA(B-5)-X-5 and JTA(D-13)-X-7 which are illustrated
in Figure 341. This set of figures covers all of the models in Run No. 1.
3T0992(F-15)-X-9 which occupied Sting 8 in Run No. 1 thermal shocked.

Figure 342 displays Model Hf-2OTa-ZMo(I-Z3)-I-12 and shows
no melting (in contrast to the one inch model exposed in Run No. I shown
in Figure 339). The one half inch diameter Hf-20Ta-2Mo(I-23) model is
coated with suboxide containing tantalum stringers throughout. Figures
343-346 show models, HfB2, l(A-Z)-X-1, HfBz+SiC(A-4)-X-4, PG(B-6)-
X-6, BPG(B-7)-X-16 and JY0981(F-16)-X-10 which exhibited very minor
changes during exposure. Model HfBj I(A-2)-X-1 (Figure 343) exhibited
a thermal shock failure at the end of lun No. 2 when the cap broke off,
Model H1fB+SiC(A-4)-X-4 (Figure 344) shows no SiC depletion at the sur-
face. Moe'ls PG(B-6)-X-6 and BPG(B-7)-X-16 experienced recessions
of 8 and 3Z mils respectively, (Figure 345). Model JT0981(F-16)-X-10
shown in Figure 346 exhibited a conversion depth of 19 mile and a very
light oxide. Sting position 7 of Run No. 2 was occupied by ZrB2 (A-3) -23-
3 which thermal shockud during exposure. The last position (Sfing 8) in
Run No. ?. was filled by Model Sn-AZ/Ta-IOW(G-19)-3-Z2 shown in 1 9igure
347a. Molting and removal of the Sri cover of the duplex coating (page 55,
Reference 1) is shown in Figure 347b.

C. Analysis of the Relative Conduction Losses for Spherical
Shells

In the discussion of the Wave Superheater exposures pre-
sented above, the obeervation that the one inch diameter models Hf-ZOTa-
2Mo(I-23)-4-19 (Sting 4 Run 1) and KT-SiC(E-14)-3-18 (Sting 3 Run 1)
achieved higher temperatures than one half 4.nch diameter models of the
same material (Hf-20Ta-2Mo(I-23)-l-lZ (Sting I Run 2) and KT-SiC(E-14)-
1-8) Sting 2 Run 1) was noted. This was deemed to be unusual since the
heat flux to the larger model is 70% of that experienced by the smaller
model. On. possible source of this difference was considered to be the
losses due tu conduction through the models. In particular, the models
are hollow shells. Consequentll to consider the rolative conduction losses it
is necessary to introduce the ratio of shell thickness to model diameter
as an additional factor.

A suitable analysis of the problem has been performed (3)
based on the relative importance of conduction and ,erodynamic hearing
for a modul represented by the sketch shown in Figure 348, where the
aerody~awnic heating is given as a function of 0 by q[] 0 cos 0. In
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I
order to obtain experimental data on the relative conduction losses
for spherical shells, one inch and one half inch diameter models having
a wall thickness of 1/8" were fabricated from SAEIOZO steel. This
material was employed since its thermal conductivity is approximately
one third that of KT-SiC(E- 14) at temperatures between 5000 and ZOOO0 R.
As a consequence, the heat flux level for this experiment was maintained
at 1/3 the level of the Wave Superheater exposures described in Section
V. B.

Accordingly, models were exposed in an oxyacetylene torch
situated in the Wave Superheater Hypersonic Tunnel for convenience in
utilizing the required test equipment. Separate copper calorimeters
were employed to determine cold wall heat flux. Heat fluxes of 150
BTU/ft 2 sec and 220 BTU/ft2 sec were applied to the one inch and one-
half inch diameter models, respectively. Theornocouples which were
spring mounted in contact with the inner wall directly behaind the stag-
nation point were employed to measure the thermal response of the
models. The results are shown in Figure 349. These data indicate
that the larger model reached 1900°F in 12. 4 seconds; the smaller models
reached 1900OF in 13.8 4 1.0 seconds. At shorter times, the rise rate
for the smaller models 5 greater than for the larger models as expected.
At longer times, the larger model does heat up more rapidly than the
smaller model does. However, it is surprising that the crossover occurs
at low temperatures near 6000F where the magnitudes of dT/dO are
smaller than the values assumed in the foregoing calculation. Finally,
it should be noted that the k/q matching is partially satisfied for KT-SIC
but not satisfactory for Hf-ZOTa-ZMo,
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'I

S i"M3 ndM e

/M~ 2m4 'sm Y 'i" Plate 1-4ZZ5

I I4 1 I I

Figure 9. Post Exposure Photographs of Arc Plasma Tests HfB2 1 (A-2)-iM,ZM, 3M, 4M, 5M and 6M4. Samples 1M. ZM, 3M and 4Mwere
Cracked During Removal of Tungsten Sting. Samples 5M and 6MShowed Initial Thermal Shock Delaminations and Weru Cracked
After.Sting Removal, Samples 3M and 5M Melted. Scale is One
Inch. Hot Face is Pointing Up.

Plate 1-4250 Plate 1-4254

10

S 3 4 ., C A- 2)

Figure 10. Post Exposure Photographs of Arc Plasma Tests HfB 2 (A-Z)-7R,
8R, 9R and IOR. Sample 8R showed an Initial Thermal Shock
Failure While Samnples 9R and 1OR exhibited Melting. Scale is
One Inch. Hot Face is Pointing Up.

Distance between numbered divisions is equal to one inch.
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2 a 3 4 5

inches

Plate No. 1-95Z1

'2 3 4

inches

Plate No. 1-4992

1 2 3 4
Inches

Figure 11. Post Exposure Photographs of Arc Plasma Tests
HfB 2 I(A-Z)-I3M, 14M, 15M, 16M, 17M and I8M,
11R and 1ZR.
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Plate 1-4238

Oxide Coating

One inch Scale X 2. 5

Figure 12. Arc Plasma Test HWB (A-2)-4M, Surface Temperature 5Z70 F,
Stagnation Enthalpy Ski BTU/lb, Stagnation Pressure I atm, Cold
Wall Heat Flux 760 BTU/ft2, Exposure Time 1830 Seconds, Initial
Thickness 557 Mile, Final Thickness Z86 Mils. Hot Face at Right.

Plate 1-4Z39

, , v

Etched with 10 Glycerine 5 HNO 3 3HF X160

Figure 13. Arc Plasma Tost HfB2 1 (A-0)-4M, hot Face, Showing Boride at
Left, Oxide at Right wi't 10 Mil Separation.

*Distance between numbered divisions is equal to one hundred mils.
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HfB2. 1 Oxide

- a .

Plate 1-4240

Showin ,Adh, ent Oik,.

A.A,

<•× . * ,.• *41.P

Etched with 10 Glycerine 5HN0 3 3HE X500

Figure 15. Arc Plasma Test IUBZ. 1 (A-2)-4M, Matrix Sting Leg Showing
Matrix Grain Size.
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Plate 1-4Z33

One Inch Scale X Z.5

Figure 16. Arc Plasma Test HfB (A -2)-3M, Surface Temperature 6010 0 F,
Stagnation Enthalpy 6hý BTU/lb, Stagnation Pressure I atm, Cold
Wall Heat Flux 1060 BTU/ft2 sec, Exposure Time 82 Seconds, Initial
Thickness 542 Mile, Final Thickness 281 Mile. Melting Observed.
Hot Face on Riaht.

t .':.& .":"

a &

o1 " _ Plate 1.4234

Etched with 10 Glycerine 5HN0 3 3HF X250

Figure 17. Arc Plasma Test HlfB 2 I(A-Z)-3M, Hot Face, Showing Boride
with Extremely Large Grain Size at Left.
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pr' ' " •

ot. " ..-,

IV ,Plate 
1-4236

S ,~

t,. . . ..

Etched with 10 Glycerine 5HN0 3 3HF X250

Figure 18. Arc Plasma Test fB2 I (A-2)-3M, Side Face Showing Adherent
Oxide and Boride at Left.

Etc hedwth1 lyeie H0 3H *,500

F e A l TMi

o77S+ + + + . + + ....-

Etched with 10 Glycerine 5HNO3 3HF X500
Figure 19. Arc Plasma Test HfIB3, 1 (A-2)-3M, Matrix Sting Leg.
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Plate No. 1-4993

XZ. al

Figure 20. Arc Plasma Test HfB 2 1 (A-Z)-lIR, Surface Temperature
5040 0 F, Exposure Time 1800 Seconds, Stagnation Pressure
0. 097 atm, Stagnation Enthalpy 10730 BTU/lb, Cold Wall
Heat Flux 651 BTU/ft 2 sec., Initial Length 605 Mils, Final
Length 566 Mils. Hot Face at Right. One Inch Scale.

• o'., ..g:,.q. P late N o. 1-4994

.r

.••,• , . eI• . -.. • "..

Etched with 10 Glycerine 5HN0 3 3HF X250

Figure 21. Arc Plasma Test HfB? 1 (A-Z)-IlR. Interface of
Oxide (Top) and Matrix'.
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Plate No. 1-4264

X2.81

Figure 22. Arc Plasma Test HfBZ, l(A-2)-1OR, Surface Temperature
5290 0 F, Exposure Time 60 Seconds, Stagnation Pressure
0. 158 atrm, Stagnation Enthalpy 7Z60 BTU/lb, Cold Wall
Heat Flux 781 BTU/ft2 sec, Initial Length 558 Mils, Final
Length 174 Mils. Hot Face at Right. One Inch Scale.

Plate No. 1-4265

Etched with 10 Glycerine 5HNO 3 3HF X250

Figure 23. Arc Plasma Test HfBZ 1 (A-2)-1OR. Rapid Melting was
Observed. Interface of'Melted Region (Right) and Matrix.
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Plate No. 1-4226

X2.44

Figure 24. Arc Plasma Test HfB (A-Z)-1M, Surface Temperature
4060 0 F, Exposure Time 1800 Seconds, Stagnation
Pressure 1. 06 Atm., Stagnation2 Enthalpy 3270 BTU/Ib,
Cold Wall Heat Flux 520 BTU/ft sec, 21 Mils Recession.
Hot Face at Right. One Inch Scale.

A- r r.. , *,".• *• .* -<• '

/- ., , PlateNo. 1-4227
*q •w ,_ m " al',. • , .

0. 4 . i . t 9 .

Etched with 10 Glycerine 5HNO2 3H F X250

Fi-gre Z5. Arc Plasma Test HfB 2 .1 (A-Z)-lM, Hot Surface.
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Plate No. 1-4996

X2. 82

Figure 26. Arc Plasma Test HfBz , (A-2) - 11ZR, Surface Temperature
4640' F, Exposure Time 1800 Seconds, Stagnation Pressure
0. 095 Atm. , Stagnatiojn Enthalpy 9830 BTUJ/lb, Cold Wall
Heat Flux 573 BTU/ft sec, 11 Mils Recession. Hot Face
Down. One Inch Scale.

-, , ,..W *,• 4 ,-...

b '4 . ,Plate No. 1-4997

Etched with 10 Clycerine 5HNO 3 3HF

Figure 27. Arc Plasma Test HfB 2 1 (A-Z) -IZR, Hot Surface.
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Plate No.
1 -2803

XO. 938

Figure 28. Post Exposure Photographs of Arc Plasma Tests ZrBz

(A-3)-3M, 4M, 17M, ZOM,Z3M and 24M. Samaples 3M
and ZOM Exhibited Melting. Sting End of 8M was Cracked

During Removal from Sting. Hot Face is Pointing Up.

. j./, .,-.., C-.... ,rv,*..- Plate No.
f~l~l~i~l~l I II 1111111111111111111Jl~lll l I~lll~ly 91 99111y9i\lliii 1-8734

0 I 2 3 4

inches

Plate No.
.L 1-3595-A

I- I rF-F '-qT-
S 2 Is A$

Figure 29. Post Exposure Photographs of Arc Plasma Tests ZrB2
(A-3)-50M, 51M, 5ZM, 53M,,54M, 15R, 301., ZR, 5R, 0R
and R1R. Samples 15R, 30R and I11R Exhibited Melting.

Sting Ends of 30R, ZR and 5R were Cracked During Re-

moval from Sting. Scale is One Inch. Hot Face is

Pointing Up.
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Plate No.
.. 1-Z810

XZ. 60
Figure 30. Arc Plasma Test ZrB~ (A-3)-4M, Surface Temperature

4505 0 F, Stagnation En alpy 3990 BTU/lb, Stagnation
Pressure 1.07 Atm., Cold Wall Heat Flux 560 BTU/ft?'
sec, Exposure Time 1860 Seconds, Initial Length 1062
Mils, Final Length 1048 Milo. Hot Face Up. One Inch

,~s** ; ~ ~ v '"" ~ Plate No.

Etched with 10 Glycerine XZ50
5HN0 3 3HF

Figure 3 1. Arc Plasma Test ZrJ32 (A-3)-4M, Hot Face at Top.
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P 1W

Plate No. 1-2814

X2. 50

Figure 32 Arc plasma Test ZrB 2 (A-3)-Z0M, Surface Temperature
5530 F Exposure Time 90 Seconds, Stagnation Pressure
1. 11 Atm. Sta nation Enthalpy 4665 BTU/lb, Cold Wall Heat
Flux 840 -TUJft 2 sec, 204 Mils Recession, Hot Face at
Left. n, Ti Inch Scale.

Plate No. 1-2816

I - ý!vf`W

Etched with 10 Glycerine 5HNO 3 3HF X250

Figure 33. Arc Plasma Test ZrB 2 (A- 3)-ZOM, Hot Surface.
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Plate 1-3602

Mounting Plastic

- Hot Fac e Surface

X3
Figure 34. Arc Plasma Test ZrB2 (A-3)-IOR, Surface Temperature 4345 0 F,

Stagnation Enthalpy 9530 BTU/lb, Stagnation Pressure 0.021 atm.,
Cold Wall Heat Flux 520 BTU/ft2 sec, Exposure Time 180Z Seconds,
Initial Length 1045 Milo, Final Length 1027 Mile. Hot Face at Right.

'•,"_• , all. , ,

Plate 1-3603

Etched with 10 Glycerine 5HN0 3 31lF XZ50
Figure 35. Arc Plasma Test ZrBZ(A-3)-IOR, Hot Face,Showing Boride at Left.
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Plate 1-3604

Etched with 10 Glycerine 5HN0 3 3HF X500

Figure 36. Arc Plasma Test ZrBZ(A-3)-IOR, Matiix Sting Leg, Showing Matrix
Grain Size.

Mounting Plastic

Plate 1.3692

hk-ot Face Surface
Showing Melted
Cup

X3

Figure 37. Arc Plasma Test ZrBZ(A-3)- 1iR, Surface Temperature 5435 0 F,
Stagnation Enthalpy 9Z70 BTU/lb, Stagnation Pressure 0. 187 atm,
Cold Wall Heat Flux 950 BTU/ftZ sec, Exposure Time 51 Seconds,
Initial Length 1063 Mils, Final Length 728 Mils. Hot Face at Right
Illustrates Melting. One Inch Scale.
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Plate 1-3606

Etched with 10 Glycerine 5HNO 3 3HF XZso

Figure 38. Arc Plasma Test ZrB, (A-3)-IIR. Hot Face, Showing Solidified
Grain Structure in Cor e Region of Hot Face (See Figures 141 and 143).

Etched with 10 Glycering 5HN03 3HF X500
Figure 39. Arc Plasma Test ZrBZ(A-3)-II4, Matrix Sting Leg, Showing

Matrix Grain Size.
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Plate No. 1-2821

p 2 ,11111 Br, III'f II IIIIIII n 11 ~ lIIIfl II IIfl

X2.55

Figure 40. Arc Plasma Test ZrB2 (A-3)-23M, Surface Temperature
3990 0 F. Exposure Time 1860 Seconds, Stagnation Pressure
1. 06 Atm., Stagnatiol Enthalpy 3345 DTU/lb, Cold Wall
Heat Flux 460 BTU/ft sec, 8 Mils Recession. Hot Face at
Left. One Inch Scale.

44: .~;: .$t ,.."w..,"' '.

, '

"", k Plate No. 1-2822

.0_.
'... -•,, ,. g,...: .

X250

Etched with 10 Glycerine 5HNO- 3 31-F

Figure 41. Arc Plasma Test ZrBz(A-3)-23M, Hot Surface,
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Plate No.
1-9Z13

X3. 00

Figure 43. Arc Plasma Tcst ZrBZ(A-3)-ZMC, Surface Temperature
44701F, Internal Temperature Z9400F, Exposure Time
1800 Seconds, Stagnation Pressure 1.05 Atm., Stagna-
tion Enyhalpy 3Z30 BTU/lb, Cold Wall Heat Flux 365
BTU/ft sec, 14 Mil Recession. Hot Face Up. One Inch
Scale.
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I
SS ;.6 Plate No. 1-4269

14

2 3 4 5

Figure 44. Post Expo.ure Photographs of Arc Plasma Tests HfB2 +
SiC(A-4)-1M, ZM, 3M and 4M. Samples 3M and 4M
Exhibited Melting. Hot Face is Pointing Down. Tungsten
Sting was not Removed from Sample ZM and is Protruding
from Sting Hole

Plate No. 1-5313 Plate No. 1-6423

2 3 .:,
"inches ":'L. 11111 I IIIIIIII I

2 3 4
inches

Plate No. 1-6609 Plate No. 1-4411

2 3 4 I 2 3 4 5 o
Inches inches

Figure 45. Post Exposure Photographs of Arc Plasma Tests HfBz+

SiC(A-4) -Z-6R, 7R, 9R, 10R, 8R, IM, ZM, 3M, 4M and 5M.
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. . .. . .Plate 1-4438

Oxide on Surface of

Model

Figure 46. Arc Plasma Test H:EB+SiC(A-4 -M, Surface Temperature 5OZOF,
Exposure Time 1830 Seconds, Stagnation Pres sure One Atm. , Stagna-

Initial Tikes65MlFnlThickness 643 Mils. HotFace at Right,
OneInc Scle.Tungsten Sting is Seen in the Sting H-ole.

Plate 1-4439

XZ 50
Figure 47, Arc Plasma Test H-fBz+SlC(A-4)-ZM, Hot Face, Showing lBoride

at Left, Oxid,ý at Right and Ten Mil ]oride Zutke Depleted of
Siiicon Carbide in Center. Note Adherence of Oxide.



Plate 1-4441

Etched with 10 Glycerine 5HN0 3 3HF X500
Figure 48. Arc Plaama Test HfB2 +SiC(A-4)-ZM, Matrix Sting Leg, Showing

HfB? and SiC Grain Structure.

W Surface at Hot
Face Showing

Melting Cup

Plate 1-4446

X3

Figure 49. Arc Plasma Test H-IfB2+SiC(A-4) -4M, Surface Temperature 51600 F,
Exposure Time 1608 Seconds, Stagnation Pressure One Atmn. ,Stagna-
tion Enthalpy 5410 BTU/ lb, Cold Wall Heat Flux 900 BTU/ftZ sec, Initial
Thickness 644 Mils, Final Thickness 175 Mile. Hot Face on Right
Illustrates Melting. One Inch Scale.
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Zone Depleted Oxide
o0 SiC

' Plate 1-4447

0.

XZ50
Figure 50. Arc Plasma Test HfB2+SiC(A-4) Showing Hot Face.

or .Plate 1-4449

Etched with 10 Glycerine 5HNO3 3HF X500

~4 Ptate 1-4448

Etched with 10 Glycerinc 5HN0 3 31-IF XF00

Figure 51. Arc Plasma Test k-IfBZ + SiC (A-4)-4M, (a) Matrix Near Top of
Sting Hiole, (b) Matrix at Sting Leg Showing Diboride Plus Silicon

Carbide.
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S _- ,,. . ...-- ,---- • •p ' Oxide I
-II

~IinJ~Depletion Zone

•' Plate No. 1-6610

XZ. 3

Figure 5Z. Arc Plasma Test HfB +20j0SiC(A-4)-Z-8R, Surface
Temperature 5480 0 F,TExposure Time 1800 Seconds,
Stagnation Pressure 0. 027 Atm, Stagnation Enthalpy
13540 BTU/lb, Cold Wall Heat Flux 700 BTU/ftsec.
Initial Length 781 Mils, Final Length 738 Mils. Hot
Face at Right. One Inch Scale. Rear Broke on Re-
moval After Test.

Plate No. 1-6611A

Etched with 10 Glycerine 5HN0 3 3HF X50

Figure 53, Arc Plasina Test HfB +400%SIC(A-4)-Z-SR. Oxide at
Right, Depletion Zone-Center. Matrix at Left.
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Plate No. 1-4435

4f>
X2. 9

Figure 54. Arc Plasma Test HfiB + SiC(A-4)- IM, Surface Temperature
3450oF, Exposure Time 1830 Seconds, Stagntio Pressure
1. 08 Atm. , Stagnation Enthalpy 3915 BTU/lb, Cold WallI H-eat Flux 570 BTU/ft~sec, 6 Mil Recession, Hot Face Down.

One Inch Scale.

IA

rs qo,% VPlate No. 1-4436

Etched with WO Glycerine SHNO 3 31-F X250

Figure 55. Arc Plasma Test 1-fB + SiC(A-4)- IM, Hot Surface Showing
Oxide (Tiop) and DTpielion eone (Center).
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Plate No. 1-6424

x 1. 88

Figure 56. Arc Plasma Test HfB2 + SiC (A-4)-2-9R, Surface Temperature
4680 0OF, Exposure Time 1800 Seconds Stagnation Pressure
0. 023 Atm. , Stagnation Enthalpy 8920 BrU71b, Cold Wal Heat
Flux 402 BTU/ft see, 23 Mils Recession. Hot Face at Left.
One Inch Scale.

Vl

01V Plate No. 1-6425

%V

Etched with 10 Glycerine 5HNO 3 H1W X250

Figure 57. Are Plasma Te~st HfB2 + SiC(A-4)-Z-9R, Halt Surface Showing
Depletion Zone at Top.
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I

Plate No. 1-4971 Plate No. 1-6614

71f-

'iii~~~~~~~~~~~~~ till III~II f llII1111 II ~I\I ~lI

inches I4

Plate No. 1-6441 Plate No. 1-76Z2

ae•

inches 2 3

Figure 58, Post Exposure Photographs of Arc Plasma Tests Boride
Z(A-5).. M, ZM, 3M, 4M. 5M, 6M, 7R, 9R,8R, 1 R, 1OR and

1 ZR.
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Plate No. 1-4981

XZ. 81

Figure 59a. Arc Plasma Test Boride Z(A-5)-4M, Surface Temperature
29200 F, Exposure Time 1830 Seconds, Stagnation Pressure
1.05 Atm, Stagnation Enthalpy 2500 BTU/lb, Cold Wall
Heat Flux 350 BTU/ftZsec, Initial Length 663 Mile, Final
Length 659 Milo. Hot Face at Right. Specimen Thermal
Shocked. One Inch Scale

Plate No. 1.6442

IIM

XZ. 75
Figure 59b. Arc Plasma Test Boride Z(A-5)-8R, Surface Temperature

3790 0 F, Exposure Time 1800 Seconds, Stagnation Pressure
0.018 Atm, Stagnatio.t Enthalpy 92.00 BTU/lb, Cold Wall
Heat Flux Z62 BTU/ft sec, Inital Length 690 Mile, FinalLength 680 Mils. Hot Face at Right. Specimen Thermal
Shocked. OnF Inch Scal tt.
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Plate No. 1-6574 P•late No. 1-7396

incheS

Plate No. 1-9526 Plate No. 1-9586

IIJti a

4741

2 3 4 23 4

Inches inches

Plate No. 2-0190 Plate No. Z-0666

2 4
inches

Figure 60. Posat Exposure Photographs of Arc Plasma Tets N -of1. I +
ZoSiC(A-7) -1M, 3M, ZM, 5M, 6M, 7M, Z3M, 24M, Z5M, 30M,
31M, 32M. 44M and 45M.
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Piate No. 1-7397

X2.75

Figure 63. Arc Plasma Test HfB + 20 v/o SiC(A-7)-ZM, Surface
Temperature 4800-F, '. Exposure Time 1745 Seconds,
Stagnation Pressure 1.08 Atm. Stagnation Enthalpy 5055
BTU/lb, Cold Wall Heat Flux 715 BTU/ft2 sec, 157 Mils
Recession, Hot Face at Left. One Inch Scale.

Plate No. 1-7398

Etched with 10 Glycerine 5HNO 3 3HF X250

Figure 64. Arc Plasma Test [ifB + 20 v/o SiC(A-7)-ZM, Interface
Between Dep1.. ted Zonie"lnd Matrix.
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Plae N. 165I

Plt No 1-17

perature 5760 F, Expdsure Time 56 Seconds, Stagnation
Pres sure 1.i1 Atm. Stagnation Enthalpy 3915 BTu/lb, Cold
Wall Heat Flux 810 BTU/ft2 sec, 110 Mils Recession, Hot
Face Down. One Inch Scale.

Etched with 10 Glycerine 5HN0 3 3HF X 250

Figure 66. Arc Plasma Test HfB Z.I+ 20 v/n SiC(A- 7)- 1M, Hot Surface.
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Plate No.
2-0211

X2. 25

Figure 67. Arc Plasma Test HfB2 . 1 +200%SiG(A-7) -34R, Surface
Temperature 5005'F, Exposure Time 1200 S-ýeondo,
Stagnation Pressure 0. 160 Atm Stagnation Enthalpy
8040 BTU/Ib, Gold Wall Heat Flux 720 BTU/ft~sec. ,
Initial Length 920 Mils, Final Length 889 Mils, H-ot
"Face Down. One Inch Scale. Oxide Broke Off on
Handlina.

,-021

Plate No.

x5 Z

~ A.

Etched with 10 Glycerine X250
5HNO3 3H4F

Figure 68. Arc Plasma Test HfB.2 I+Z0%0SiC(A-7)-34R. Hot
Interface Up.
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Plate No.
Z-0214

_=--

X2. 60

Figure 69. Arc Plasma Test lIfB2 1+20%SiC(A-7)-35R, Surface
Temperature 5350 0 F, kxposure Time 9U Seconds,
Stagnation Pressure 0. 180 Atm., Stagnation EBthalpy
9030 BTU/lb, Cold Wall Heat Flux 791 BTU/ft sec,
Initial Length 921 Mils, Final Length 606 Mils, Deple-
tion Depth 130 Mils. Hot Face Down. One Inch Scale.

Plate No.
2 -OZ15

Etched with 10 Glycerine X250
5HNO 3 3HF

Figure 70. Arc Plasma Test HfB2. j+Z0jSiC(A-7)-35R. Side
Interface, Depleted Matrix at 'Right, Melted Material
at Left. Hot Face Up.
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'late No. 2-0675

X Z.35

Figure 71. Arc Plasma Test HfB + 20 v/o SiC(A-7)-28R Average
Surface Teniperature i500F, Exposure Time Z2, 400
Seconds (13 cyclic exposures each of approximately 1800
seconds), Stagnation Pressure 0.07 Atm. Stagnation
Enthalpy 10300 BTU/Ib, Cold Wall Heat Flux 495 BTU/
ft-sec, 15 Mils Recession. Hot Face Up. One Inch Scale.

~7~' Plate No. 2-0676

Etched with 10 Glycerine 5HNO 3RF X250

Figure 72. Arc Plasma Test HfBZ. I + 20 v/o SiC(A-7)-Z8R, Hot Surface.
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4 .. ~ Plate No.
* 2-0681

Figure 73. Arc Plasma Test HfB2 1 +Z0v/oSiC(A-7)-S2M" Surface
Temperature 4600 0 F, txposure Time 14,030 Seconds

(8 Cyclic Exposures Each of Approximately 1800 Seconds),
Stagnation Pressure 1. 03 Atm., Stagnation Enthalpy 4180

BTU/lb, Cold Wall Heat Flux 450 BTU/ ftZ sec, 329Mils
Recession, Hot Face Down, One Inch Scala.

S• Plate No.

2- -068Z

Etched with 10 Glycerine XZ50
5HNO 3 3HF

Figure 74. Arc Plasma Test HfBZ. +20v/oSiC(A-7)-5ZM Hot Surface.
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Plate No. 2-0677

X Z. 95

Figure 75. Arc Plasma Test HM + 20 v/o SiC(A-7)-37MH Surface
Temperature 3765 F, Exposure Time 1080 Seconds, Stag-
nation Pressure 1.02 Atm. Stagnation Enthalpy 3640 BTU/
ib, Cold Wall Heat Flux 495 BTU/ft~sec, 10 Mils Recession,
Hot Face Down. One Inch Scale.

Plate No. 2.0678

Etched with 10 Glycerine 5HNO 3HF X 250

Figure 76. Arc Plasma Test HfB 2. + 20 v/o SiC(A-7)-37MH, Hot Surface.
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Plate No.
2-0679

XZ. 78

Figure 77. Arc PlasmLa Test HRB 2 1+20v/oSiG(A-7)-39RH Surface
Temperature 2710 0F, txposure Time 1612 Seconds,
Stagnation Pressure 0. 16Z Atm., Stagnation Enthalpy
6540 BTU/lb, Cold Wall Heat Fl-ix 487 BTU/ftZsec,
Second Exposure: Surface Temperature ?955 0 F, Expo-
sure Time 1800 Seconds, Stagnation Pressure 0. 053
Atm., Stagnation Enthalpy 8810 BTU/lb, Cold Wall
Heat Flux 885 BTU/ftsec. Third Exposure: Surface
Temperature 4285 0 F, Exposure Time 375 Seconds,
Stagnation Pressure 0. 105 Atm., Stagnation Enthalpy
7290 BTU/lb, Cold Wall Heat Flux 965 BTU/ftsec,
24 Mils Recession, Hot Face Up, One Inch Scale.

A I Plate No.
i A2-0680

Etched with 10 Glycerine X250
5HNO 33HF

Figure 78. Arc Plasma Test HfB2 . j+Z0v/oSiC(A-7)-39RH, Hot

Surface.
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I 
C

* ace Plate No. 1-7415

XZ.75

Figure 81. Arc Plasma Test ZrB2 + 20 v/o SiC(A-8)-4M, Surface Tern-
perature 5445 F, Exposure Time 327 Seconds, Stagnation1Pressure 1.06 Atm. Stagnation Enthalpy 3915 BTU/lb, ColdWall Heat Flux 515 BTU/ft2 sec, 142 Mils Recession. Hot
Face Down. One Inch Scale.

Plate No. 1-7416 [

Etched with 10 Glycerine SHNO 3 3HfF XZ5O

Figure 82. Arc Plasma Test ZrB 2 + 20 v/o SiG(A-8)-4M, Hot Surface.

', 1 1 3
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Plate No.
2-OZZ5

55

Figure 83. Arc Plasma Test ZrB72 l+Z05oSIC(A-8)-17M,
Surface Temperature 4U800F, Exposure Time 1800
Seconds, Stagnation Pressure 1. 01 Atm., Stagnation.
Enthalp~y 5700 *BTU/lb, Cold Wall Heat Flux 503
BTU/ftf'sec, Initial Length 604 Mils, Final Length
494 Mils, Rectssion Depth 110 Mils. H-ot Face Down.
One Inch Scale.

SO

-2-0686

i4

Il

Etched with 10 Glycerine x 250
5HN0 3 3HF

Figure 84. Arc Plasma Test ZrB, 1 +Z0%SiC(A-8)-17M, Hot
Interface Te T op.
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Plate No.
2-0Z37

St

X2. 55

Figure 85. Arc Plamna Test ZrB7 +Z0%oSiC(A-8)-Z1R,
Surface Temperature Woo0°F, Exposure Time
433 Seconds, Stagnation Pressure 0. 095 Arm. ,
Stagnation Enthalpy 1Q.300 BTU/lb., Cold Wall
Heat Flux 575 BTU/ft'sec., Initial Length 838
Milo, Final Length Z71 Milo. Hot Face Down.
Onm Inch Scale.

Plate No.
2• 2-0238

Etched with 10 Glycerine X250
5-HNO 3 3HF

Figure 86. Arc Plasma Test ZrB2 . I+Z0%SiC(A-8)-ZlR, I-lot
Interface at rop.
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* - Plate No.

-Z-0648

9 - 0 .,-

X Z.95

Figure 87. Arc Plasma Test ZrBZ. J+Z0%SiC(A-8)-34R, Surface
Temperature 4Z65 0 F, Exposure Time 1800 Seconds,
Stagnation Prossure 0. 063 Atm., Stagnation Enthalpy
10160 BTU/lb, Cold Wall Heat Flux 480 BTU/ftZsec,
Initial Length 503 Mils, Final Length 496 Mils, Total
Recession 7 Mils. Hot Face Down. One Inch Scale.

t Platu No.

Etched with 10 Glycerine X250
5HNO 3 3HF

Figure 88. Arc Plasma Test ZrB2. .+Z0/oSiC(A-8)-34R. I-lot
Interface at Top.
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"Plate No. 2-0222

X2. 50

Figure 89. Arc Plasma Test ZrB +20v/o SiC(A-8)-15M Average
Surface Temperature Mb0°F, Exposure Time 7200
Seconds, (4 cyclic exposure each of 1800 seconds)
Stagnation Pressure 1.00 Atm. Stagnation Enthalpy 5000
BTU/lb, Cold Wall Heat Flux 385 BTU/ft2sec, 26 Mils
Recession, Hot Face Down. One Inch Scale.

EPched wNth 10 2

Etched with 10 Glycerine 5HNO 3 3HF X 250

Figure 90. Arc Plasma Test ZrB2 . 1+20v/o SiC(A-8)- ISM, Hot Surface.
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" Plate No. 2-0683

X2. 95

Figure 91, Arc Plasma Test ZrB +ZOv/o SiC(A-8)-16R Average
Surface Temperature i2i0°F, Exposure Time 7200 Seconds,
(4 cyclic exposures, oach of 1800 seconds) Stagnation
Pressure 0. 159 Atm. Stagnation Enthalpy 7000 BTU/lb,
Cold Wall Heat Flctx 450 BTU/ft2sec, 27 Mils Recession,
Hot Face Down. One Inch Scale.

Plate No. 2-0684

Etched with 10 Glycerine 5HNO 3 3HF X 250

Figure 92. Arc Plasma Test ZrB2. 1+20v/o SiC(A-8)-16R, Hot Surface,
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Plate No. 1-659Z Plate No. 1 -9528

inches

Plate No. 1-9529

inches

Plato No. 1-7404 Plate No. 1.9523

'23
2 inhw3 inches

Figure 93. Post Excposure Photographs of Arc Plasma Teats HiB +
357,SiC(A-9)-1IM, 2M, 4M, 5M, 6M, 7M,8 M, 9M, IlOM, Il A
12M, 13M, 14M and 15M.

119



i

aT,. .7-l ,- " 4

An Plate No. 1-7408

' -

X2.75

Figure 94. .rc Plasma Test HfB 2 1 35 v/o SiC(A-9)-SM, Surface Tem-
-rature 3540 F, Expo'sure Time 1800 Seconds, Stagnation

Pressure 1.07 Atm,Stagnajon Enthalpy 3665 BTU/lb, Cold
Wall Heat Flux 530 BTU/ft" sec, 50 Mils Recession, Hot Face
Down. One Inch Scale.

* Plate No. 1-7409

Etched with 10 Glycerine 5HNO 3 3HF XZS0

Figure 95. Arc Plasma Test HiB2 1 + 35 v/o SiC(A-9)-5M, Hot Surface
at Left, Depletion Zoire in Center, Matrix at Right.
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2

4
* Plate No. 1-6598

XZ. 75

Figure 96. Arc Plasma Test HfB2 1 + 35 v/o SiC(A-9)-ZM, Surface Tern-
perature 58400F, Expdsure Time 133 Seconds, Stagnation
Pressure 1. IZ Atm. Stagnation Enthalpy 4700 BTU/lb, Cold Wall
Heat Flux 730 BTU/ftZ sec, 231 Mils Recession. Hot Face
Down. One Inch Scale.

i NO

Plate No. 1-6599

Etched with 10 Glycerine 51INO 3HF XZ50
3

Figure 97. Arc Plasma Test HfB. I + 35 v/o SiG(A-9)-2M, Hlot Surface.
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Plate No. 2-0670

S.m
2 3 4 5

inch@*

Plate No. 2 - 0705

,y ,,
2 4 5

inch**

Figure 99. Post Exposure Photographs of Arc Plasma 'rests

ZrBz+SiC+C(A- 10) -42M. 43M, 26R, 44R, 45R, 47R

and 19R.
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Plate No. 1-7428

XZ. 75
Figure 101. Arc Plasma Teat ZrB2 +SIC+C(A.10).4M, Surface

Temperature 4870 F, Exposure Time 1800 Seconds,
Stagnation Pressure 1. 06 Atm, Stagnation Ent1kalpy
4075 BTU/lb, Cold Wall Heat Flux 620 BTU/ft sec,
Initial Length 850 Mil, Final Length 504 Mil. Hot
Face at Right. One Inch Scale.

Plate No. 1-7429A

Unetched X75

Figure 102. ZrBZ+SiC+C(A-10)-4M. Interface of Oxide (Top)
and Matrix.
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Plate No. 1-74?-'

Figure 103. Arc Plasma Test ZrB +SiC+G(A-1O)ZM, Surface
Temperature 51LOOF,ZExposure Time 182 Seconds,

Stagnation Pressure 1. 07 Atm, Stagnation Enthalpy
4755 BTU/lb, Cold Wall Heat Flux 665 BTU/ftZ-sec,

Initial Length 848 Mil, Final Length 346 Mil, Hot

Face at Right, One Inch Scale.

Plate No. 1 -7423

Unetched X5

Figure 104. ZrBZ+SiC+C(Al 0) -ZM. Melted Interface.
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Plate No. 1-7637

X3
Figure 105. Arc Plasma Test ZrBZ+SiC+C(A.10)-9R, Surface

Temperature 50650 F, Excposure Time 32 Seconds,
Stagnation Pressure 0.222 Atm, Stagnation Enthjlpy
10260 BTU/lb, Cold Wall Heat Flux 1010 BTU/it sacC,
Initial Length 852 Mil, Final Length 277 Mil. Hot
Face at Bottom, One Inch Scale, Melted Material
on Sides.

tPlate No. 1-7638

Unetched X250

Figure 106. ZrB2 + SiC+C(A-lO)-9R. Melted Interface.
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Plate No. 1-7644

X3

Figure 107. Arc Plasma Test ZrBZ+SiC+C(A-10)-I1R, Surface
Temperature 50750F, Exposure Time 1800 Seconds,
Stagnation Pressure 0. 084 Atm, Stagnation Entlelpy
10540 BTU/1b, Cold Wall Heat Flux 696 BTU/ft sec,
Initial Length 852 Mil, Final Length 816 Mils. Hot
Face at Right. One Inch Scale. Rear Broke on Re-
moval after Test.

Plate No. 1,7645

Unetched X250

Figure 108. Arc Plasma 'rest ZrB12 + SiC+C(A-10).l IR. Hot
Interface.
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*" Plate No, 2-0595

I-

X2.70

Figure 109. Arc Plasma Test ZrB +SiS+C(A- 10)-24M Average
Surface Temperature 1415 F, Exposure Time 21,600
Seconds (12 cyclic exposures each of 1800 seconds),
Stagnation Pressure 1.02 Atm. Stagnation EnQTalpy
4250 BTU/lb, Cold Wall Heat Flux 400 BTU/ft sec.
104 Milib Recession, Hot Face Down . One Inch Scale.

Plate No. 2-0596

Unetched X 250

Figure 110. Arc Plasma 'rest ZrB 2 +SIC+C(A- 10)-24M,Hot Surface.
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I I
Plate No.
2-068B

Figure 111. Arc Plasma Test ZrBZ+SiC+C(A-10)-Z6R. Average Surface
Temperature 46500 F, Exposure Time 18951 Seconds (11
Cylic Exposures Each of Approximately 1800 Seconds),
Stagnation Pressure 0.Z38 Atm. , Stagnat on Enthalpy 7750
BTU/lb, Cold Wall Heat Flux 460 BTU/ft'sec, 83 Mile
Recession, Hot Face Up, One Inch Scale.

Plato No.

2-0689

UnetcLd X250

Figure 1lZ. Arc Plasma Test ZrB2 +SIG+C(A-10)-26R, Hot Surface.
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Plate No. 2-0690

XZ.88

Figure 113. Arc Plasma Test ZrB +SiC+C(A-10)-37RH Surface
Temperature 3Z35VF, 2Exposure 'rime 1800 Seconda,
Stagnation Pressure 0, 144 Atm. Stagnation Enthalpy
7710 BTU/lb, Cold Wall Heat Flux 482 BTU/ftsec,
3 Mile Recession, Hot Face Down. One Inch Scale.

Plate No. Z-0691

Unetched X 250

Figure 114. Arc Plasma Test ZrB2 +SiC+C(A-10)-37RH, Hot Surface.
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, B- ~ ~Plate 1-3429IP.3R *fk., 51k '71

Figure 116. Post Exposure Photographs of Arc Plasma Tests RVA (B-5)-IR,
3R, 4R, 5R and 7R. Hot Face is Pointing Up. Samples iR and 3R
Show Exposed Thermocouple Holes While 5R. Shows Sting Hole
Exposed Due to Side Ablation.

Plate 1-3432

X3.1

Figure 117. Post Exposure Photograph of Arc Plasma Test RVA (B-5)-ZR
Hot Face is Pointing Up.
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* T

Plate 1-3697

Surface of Hot
Fac e

X3

Figure 118. Arc Plasma Test RVA(B-5)-SM, Surface Temperature 57300F.
Exposure Time 58 Seconds, Stagnation Pressure 1 Atm, Stagna-
tion Enthalpy 6455 BTU/lb, Cold Wall Heat Flux 1030 BTU/ft 2 sec,
Initial Length 1028 Mils, Final Length 830 Mils, Hot Face at
Right. One Inch Scale. Side Ablation is Illustrated.

Plate 1-3619

Xl50

Figure 119, Arc Plasma Test RVA(B-5)-SM, Matrix Area. Little Difference
Noted between Interface and Matrix.
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Plate 1

Xz.1
Figure 120. Arc Plasma Test RVA(B-5)-7R, Surface Ternpe-rature 5430°F,Exposure Time 108 Seconds,Stagnation Pressure 0.299 Atm,Stagnation Enthalpy 10950 BTU/lb, Cold Wall Heat Flux 979

BTU/ft 2 sec. Initial Length 1044 Mils, Final Length 839 Mils.
Hot Face at Right. One Inch Scale.

Plate 1

X150Figure 121. Arc Plasma Test RVA(B-5)-7R, Matrix Area. Little Difference
Noted between Interface and Matrix.
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i~.~LMPlate 1-3630-A

fr A ISM qA IMM ~
'I'l- r"I -TT T -1 l'

I S 4 S

l'igure 1Z2. Post Exposure Photographs of Arc Plasma Tests PG(B-6)-1M.
ZM, 3M•4M, 5M, 6M, 7M, "C" Axis Perpendicular to Arc.
Hot Face Pointing Up. One Inch Scale. Samples 3M and 7M
Show "C" Plane Delamninations.

PG. 8-10
Plate 1-3446

Figure MZ3. Post Exposure Photographs of Arc Plasma Tests PG (B-6)-IE,
ZR, 3R, 4R, 5R, 6R and 7R, "C" Axis Perpendicular to Arc.
Hot Face Pointing Up. One Inch Scale. Samples 3R, 5R and 7R
Show "C" Plane Delarninations. Sample PG(B-6)-5R Delaminated on
"C" Plane During Installation Due to Interference Between Stinghole

and Sting.
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Plate No. 1-4270

a|

8 9 10 ii

0 1 2 3 4 5

pc (B-6)

Figure 124. Post Exposure Photographs of Arc Plasma Tests PG
(B-6)-8M, 9M, 10M, 1 IM and IZM, "C" Axis Parallel
to Arc. Hot Face Pointing Down. One Inch Scale.

Plate No. 1-4Z71 Plate No. 1-4932

11 f 8 6 I till 111111

2 3 4 42 n 4
inchesl

Figure 125. Post Exposure Photographs of Arc Plasma Tests PG
(B1-6)-8R9,R,10R,i IRand 12RP'C" Axis Parallel to Arc.
Hot Face Pointing Down in All Cases. One Inch Scale.
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Plate 1-3634

X3

Figure 126. Arc Plasma Test PG(B-6)-3M, "C" Axis Perpendicular to Arc.
Sample Delaminated on "C" Plane after Exposure. Surface
Temperature 4530 0 F, Exposure Time 61 Seconds, Stagnation
Pressure I Atmn Stagqation Enthalpy 4580 BTU/ lb. Cold Wall
Heat Flux 670 BTU/ft sec, Initial Length 999 Mils, Final Length
856 Mile. Hot Face at Right. One Inch Scale.

Plate 1-3635

X50

Figure IZ7. Arc Plasma Test PG(B-6)-3M, Matrix Area. Little Difference
Noted between Matrix and Interface Areas.
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Plate 1-3453

Figure 128. Arc Plasma Test PG(B-6).4R,"C" Axis Perpendicular to Arc.
Surface Temperature 4650 0FExposure Time 300 Seconds,,
Stagnation Pressure 0. 187 atm, 0tagnation Enthalpy 3440 BTU/lb,
Cold Wall Heat Flux 852 BTU/ftt, Initial Length 1084 Miiis Final
Length 628 Milo. Hot Face at Right. One Inch Scale.

Plate 1-3454

Figure 129. Arc Plasma Test PG (B-6)-4R, Matrix Area. Little Difference
Noted between Interface and Matrix Areas.
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If' Plate 1-3622

2

Figure 130. Post Exposure Photographs of Arc Plasma Tests BPO (B-7)-IM,
ZM, 3M and 4M, "C" Axis Perpendicular to Arc. Hot Face
Pointing Up. One Inch Scale. Sample 3M Delaminated on "C"
Plane, While Samples IM and 3M show Incipient Delaminations.

5 
Plate 1-3416

Figure 131. Post Exposure Photographs of Arc Plasma Tests BPG (B-7)-IR, 2R,
3R, 4R and 6R, "C" Axis Perpendicular to Arc. Hot Face Pointing
Up. One Inch Scale. Samples IR and ZR Delaminated on "C" Plane
During Test, Sample 3R, Showing Thermocouple Hole Delaminated
on "C" Plane When Installed Due to Interference Fit of Sting and
Tungsten Holder. Sample BPG (B-7)-5R Ablated Completely.

140



I

65M 6 7' 8em 9V'

lt I i III IIIII il1 111111 IM 1 1 Plate N o.

0 I 2 3 4 5 1,4272

Figure 132,Post Exposure Photographs of Arc Plasma Tests BPG(B-7)-5M,
6M, 7M, 8M and 9M, "C" Axis Parallel to Arc. Hot Face Pointing
Down, One Inch Scale,.

Plate No, 1-4273 Plate No, 1-4274 Plati No, 1-4939

r../',,~pr 1b -•'? 8 • 7)•o #- ,12

r3 4
3 I, 2 3 4

inches

Figure 133. Post Exposure Photographs of Arc Plasma rests BPG(B-7)-8R, 9R,
10R, lIIR and 1ZR, "C" Axis Parallel to Art. Hot Face Pointing
Down except BPG(B-7)- lOR1, 1 IR and 12R Where It is Pointing Up.
One Inch Scale.
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Plate 1-3701

X3
Figure 134. Arc Plasma Test BPG(B-7)-4M, "C" Axis Perpendicular to Arc.

Incipient Delamination 8a "C" Plane. Side Ablation Present, Sur-
face Temperature 4940 F, Exposure Time 75 Seuonds, Stagnation
Pressure I Atm, Stag nation Eathalpy 6500 BTU/lb, Cold Wall
Heat Flux 760 BTU/ftc-sec. Initial Length 799 Milo, Final Length
575 Milo. Hot Face at Right. One Inch Scale.

Plate 1-36Z8

Figure 135. Arc Plasma Test BPG(B-7)-4M, Interface Area Showing Cracks
Extending along "C" Plane.
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Plate 1-3427

Surface of
Hot Face

XZ. I

Figure L36. Arc Plasma Test BPI(B-7)-6R, "C" Axis Perpendicular to Arc.
Surface Temperature 38100F,Exposura Time 600 Seconds, Stag-
nation Pressure 0. 017 Atm, Stagnation Enthalpy 13890 BTU/lb,
Cold Wall Heat Flux 321 BTU/ft sec. Initial Length 785 Mile.
Final Length 547 Mils. Hot Face at Right. One Inch Scale.

Plate 1-3428

X50

Figure 137. Arc Plasma Test BPG(B-7)-6R, Matrix Area. Little Difference
between Interface and Matrix Areas.
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,K Plate No. 1-663Z

Figure 139. Arc Plasma Test Si/RVC(13-8).7R, Surface Temperature
2740"F. Exposure Time 1800 seconds, Stagnation Pressure0. 01 3 Atm, Stagnation Enthalpy 8850 BTTJ/lb, Cold Wall
H-eat Flux Z10 BsTtI/ft~sec, Initial Length 735 Mils, Final
Length 714 Mils. Hot Face at Right. One Inch Scale.

SPlate No. 1-6633

Figure 140. Arc Plasma Test Si/RVC(B-8)-7R, SiC Coating (Top)
Did Not Fail.
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Plate No. 1-6522

XZ. 69
Figure 141. Arc 9'lasma Test Si/RVC(B-8)-4M, Surface Temperature

3770 F, Exposure Time 240 Seconds, Stagnation Pressure
1. 06 Atm, Stagnation Enthalpy 3270 BTU/lb, Cold Wall Heat
Flux 475 BTU/ft sec, Intial Length 739 Mils, Final Length
727 Mils. Hot Face at Right. One Inch Scale.

'N' Plate No. 1-6523

Unetched X250

Figure 142. Arc Plasma Test Si/RVC(B-8)-4M. SiC Coating (Top).
Did Not Fail.
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Plate No. 1-6420

xz. 56

Figure 144. Arc Plasma Test PT0178(B-9)-9R, Surface Temperature
5040 0 F, Exposure Time 400 Seconds, Stagnation Pressure
0. 030 Atm, Stagnation Enthalpy 16050 BTU/lb, Cold Wall
Heat Flux 763 BTU/ftzsec, Initial Length 1091 Mils, Final
Length 675 Mils, Hot Face at Right. One Inch Scale.

Plate No. 1-6421

IN-

Unetched Xz 50

Figure 145. Arc Plasma Test PT0178(B-9)-9R. Interface Showing
Random Orientation of Fibers.
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Plate No. 1 -6407

X2.87

Figure 146. Arc Plasma Test PT0178(B-9)-SM, Surface Temperature
5985 0 F, Exposure Time 54 Seconds, Stagnation Pressure

1.07 Atm, Stagnation Enthalpy 5590 BTU/lb, Cold Wall

Heat Flux 940 BTU/ft2 sec, Initial Length 1080 Mils, Finai

Length 801 Mils. Hot Face at Right. One Inch Scale.

Plate No. 1-6408

,4tN3

Unetc he d XZ50

Figure 147. Arc Plasma Tebt Pi•U178(B-9)-5M. Interface Showing

Random Orientation of Fibers.
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Plate No. 1-7666

X2. 94

Figure 149. Arc Plasma Test POCO(B-10)-10R, Surface Temperature
5350 0 F, Exposure Time 250 Seconds, Stagnation Pressure
0. 218 Atm, Stagnation Enthalpy 10890 BTU/lb, Cold Wall
Heat Flux 1102 BTU/ft sec, Initial Length 836 Mils, Final
Length 308 Mils. Hot Face at Right. One Inch Scale.

Plate No. 1-7667

Unetched X2 50

Figure 150. POCO(B-10)-IOR. Hot Interface.
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Plate No. 1-4497

XZ. 69

Figure 151. Arc Plasma Test POCO(B-10)-5M, Surface Temperature
6120 0 F, Exposure Time 44 Seconds, St..gnation Pressure
1. 11 Atm, Stagnation anthalpy 9195 BTU/ilb, Cold Waill
Heat Flux 1060 BTU/ft' sec, Initial Length 841 Mils, Final
Length 679 Mils. Hot Face at Right. One Inch Scale.

-~ 'Plate No. 1-7762

Unetched X250

Figure 152. Arc Plasma Test POGO (B-10)-5M. Hot Interface.
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Plate No. 1-8061

/ / W'

0 .1 2 3 4 C

Figure 153.Post Exposure Photographs f A.rc Plasma rests
Glassy Carbon(B-I I)- IM , e:., 3M and 4M.
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Plate No. 1-8065

X2.62

Figure 154. Arc Plasma Tcst Glassy Carbon (B-II)-3M, Surface Tem-
perature 4540 F, Exposure Time 54 Seconds, Stagnation
Pressure 1.03 Atm, Stagnation Enthalpy 3785 BTU/lb,
Cold Wall Heat Flux 360 BTU/ft2 sec, 125 Mils Recession,
Hot Face Up. One inch Scale.

-II
.1 14 ~wPlate No. 1-8063

Unetched X160

Yigure 155. Arc Plasma Test Glassy Carbon (B- 1)-3M, Hot Surface Down.
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Plate No. 1-7438

Plate No. 2-0615

2 34
inches

Plate No. 2-0625

S3 4 5
inches

Figure 156. Post Exposure Photographs of Arc Plasma Tests
HfC+C(C-1l)-lM, 2M!, 3M, 4M, 5M, 21M, 22M,
23M, 24R, 25R and 26R.



PPlate No. 1-8056

'7-4 IL2

23

Plate No. 1-9493
Plate No. 1-8760

I 2 3 
3 .

inches

Plate No. 1-9520

P11te1o Jil-871160111
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incheS

Figure 157. Post Exposure Photographs of Arc Plasma Tests
HfC+C(C- I1)-7R, 8R, 9R, IOR, 11R, 12R, 13M, 14M, 15M,
16M, 17M, 18M, 19R and ZOR
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Plate No. 1-8767

X2. s0

Figure 158. Arc elasma Test HfC + C(C- I )- 15M, Surface Temperature
3865 F, Exposure Time 1800 Seconds, Stagnation Pressure
1. 01 Atm. Stagnqtion Enthalpy 21330 BTU/lb, Cold Wall Heat
Flux 235 BTU/ft' sec, 47 mnils Recession, Hot Face Up.
One Inch Scale.

-Tr~'h I - Plate No. I-8768

Tjnetc hed X2 50

Figure 159. Arc Plasma Test HfC 4 C (C-1l)-15M. H-ot Surface Oxide
at Top.
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*Plate No. I-7676

XZ. 90

Figure 160. Arc Plasma Test HfC + C(C-1l)-1OR, Surface Temperature
4875 F Exposure Time 1800 Seconds, Stagnation Pressure
0. 066 Atm. Stagnation Enthalpy 11, 850 BTU/lb, Cold Wall
Heat Flux 614 BTU/ftZ sec, 20 Mil Recession, Hot Face
Down, One Inch Scale.

~ /~ Plate No. 1-7677

Unetched X50

Figure 161. Arc Plasma Test HfG + C(C-l11)- 10R, Hot Surface, Oxide.
on Top.
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Plate No, 1-8057

XZ. 5

Figure 162. Arc Plasma Test HfC + C (C-il)-IZR, Surface Temperature
55450F, Exposure Time 180 Seconds, Stagnation Pressure
0. 017 Atm. Stagnation Enthalpy 15,420 BTU/ft2 sec, Cold
Wall Heat Flux 756 BTU/ft2 sec. 110 Mils Recession, Hot
Face Up. One Inch Scale.

SPlate No. 1-8059

Unetche d 2(50

Figur-e 163. Arc Plasma Test I-lW + C (C-11)-1ZR., Hot Surface.
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Plate No. 1-7439

XZ. 69

Figure 164. Arc Plasma Test HfC+C(C-11)-IM, Surface Temperature
5Z50 0 F, Exposure Time 1185 Seconds, Stagnation Pressure
1. 07 Atm, Stagnation Enthalpy 4670 BITU/b, Cold Wall Heat
Flux 635 BTU/ft2 sec, Initial Length 407 Mils, Final Length
348 Mils. Hot Face at Right. One Inch Scale. White Oxide
Clearly Visible.

Plate No. 1-7440

Unetched XZ50

Figure I65. 1-ifC+C(C-1 1) -IM. Interface of Oxide (Top) and Ca rbier
Matrix.
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Plate No. 1 -7448

X2. 65
Figure 166. Arc Plasma Teat H-fC+C(C-1l)-4M, Surface Temperature

62500 F, Exposure Time 45 Secoadab Stagnation Pressure
1. 08 Atm, Stagnation nthalpy 5Z00 BTU/lb, Cold Wall
Heat Flux 755 BTUJ/it sec, Initial Length 404 Mils, Final
Length 256 Mils. Hot Face at Right. One Inch Scale.

- Plate No. 1-7449

U nete he d X250

Figure 167. IICC+G(C.1 1) -4M. Interface of Oxide (Top) and
Carbide Matrix,
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Plate No. 1-8789 Plate No. 1-9489

'I'll .Pj, W 14 11p. til 17ew111

Plate No. 1-9519

Figure 169. Post Exposure Photographs of Arc Plaurma TestsZrC+C(C- 12)-7R, 8R, 9R, IOR, 1. R, 12M, 13M, 14M, ISM,16M, 17M and 18R
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Plate No. 1-8796

IB
X2. 90

Figure 170. Arc Plasma Test ZrC + C(C-12)-15M, Surface Temperature
39000 F, Exposure Time 1800 Seconds, Stagnation Pressure
1.0]1 Atm. Stagnation Enthalpy 2750 BTU/lb, Cold Wall
Heat Flux 235 BTU/ft2 sec. 64 Mils Recession, Hot Face
tUp. One Inch Scale.

Plate No. 1-8797

Unetched X250

Figure 171. Arc Plasma Test ZrC + C(C- 12)-M1 5M, Hot Surface Oxide
on Top.
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Plate No. 1-7688

XZ. 90

Figure 172. Arc Ylasma Test ZrG + C(C- 12)- 10R, Surface Temperature
5030 F, Expostire Time 1800 Seconds , Stagnation Pressure
0. 093 Atm. Stagnation Enthalpy 11, 030 BTU/lb, Cold Wall
Heat Flux 548 BTU/ft2 sec, 32 Mils Recession, H-ot Face
Up. One Inch Scale.

- * ~ .4,Plate No. 1-7689

~~AV 40J', B

Ufletrhtd X250

Figure 173. Arc Plasma Ietit ZrC+C(G-12)-1OR, I-ot Surface Oxide
at 1o0p
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* ~' Plate No, 1-7684

UnethedX25 0

Figure 174. Arc Plastna Test ZrC-IC(C-12)-7R,Ho Surface Oxipertr

attoo T-768
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Plate No. 1-7461

X2. 75

Figure 176. Arc Plasma Test ZrC+C(C-IZ)-3M, Surface Temperature
5970 0 F, Exposure Time Z3 Seconds, Stagnation Pressure
1. 08 Atm, Stagnation Enthalpy 4580 BTU/7Ib, Cold Wall
Heat Flux 660 BTU/ftZsec, Initial Length 404 Mils, Final
Length 379 Mils. Hot Faceat Right. One Inch Scale.

'I-

4 Plate No. 1-746Z

4 4

Unetched X?.50

Figure 177. Arc Plasma Test ZrC+C(C-liZ)-3M. Interface of
Melted Oxide (Top) and Carblite Matrix.
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Plate No. 1-7468

Ile

XZ. 69

Figure 178. Arc Plasma Test ZrC+C(C-1Z)-5M, Surface Temperature
4860 0 F, Exposure Time 1800 Seconds, Stagnation Pressure
1. 07 Atm. Stagnation Enthalpy 4460 BTU/lb, Cold Wall
Heat Flux 6Z0 BTU/ftsec, Initial Length 407 Mil, Final
Length 341 Mils. Hot Face at Right. One Inch Scale. White
Oxide Clearly Visible. Rear Broke on Removal after Test.

fPlate No. 1-7469

I ,I

Unetched XZ50

Figure 179. ZrC+C(C'-l2)-SM. Interface of Oxide (Top) and
Carbide Matrix.
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Plate 1-35101

Plate i -Z78Z

(D-13)-23M XO.88

Hot Face On Right

XO. 88
(D-13)-ZIM and ZZM Plate 1-3511
Hot Face Pointing Up

(D-.l3)-Z4M XO.88

Hot Face On Right

Figure 180. Post Exposure Photographs of Arc Plasma Tests JTA(C-ZrBZ-SiC)
(D-13)-ZIMb ZZM, 23M and 24M, Showing Thermal Shock Delamina-
tions of JTA(D-13)-23M and Z4M.

_______Plate 1-4Z75

2M Is I ,M5-
/i ll lt 1 1 1 t~ l l l t l l iI lllI IIIiIII11 111 111 111 1 1 1

0 I 2 3 4 5 6

Figure 181. Post Exposure Photographsof Arc Plasma Tests JTA(C-ZrB2 -SiC)
(D-13)-lM, 2M, 3M,4M, 5M and 6M. Hot Face Pointing Down.
Samples 3M and 5M Show Thermal Shock Failures. Sample ZM is
Propped on Support. One Inch Scale.

Plate 1-4277 "

Plate ,142.76I. ,,~~~~~ IIeu III eIfIII M11111114glllilI gl

Figure 182. Pont Exposure Photographs of Arc Plasma Tests JTA(D-13)-8R
and 9R (Hot Face Up) and 7R (Hot Face Down). One Inch Scale.
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Plate No. 1-4944

inches

Plate No. 2-0418 Plate No. Z-0277

inches inches

Figure 184. Post Exposuru, Photographo of Arc Plasmna rests
JTA(D- 13)- IOR, 48MX and 49RX.
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Plate I-Z786

XZ. 5

Figure 185.. Arc Plasma Test JTA(C-ZrBZ-SiC)(D-13)-ZZM, Surface Tempera-
ture 3750 0 F, Exposure Time 1830 Seconds, Stagnation Pressure
1 Atm, Stag nation Erithalpy 3075 BTU/lb, Cold Wall Heat Flux
460 BTU/ftisec. Initial Length 1050 Mils, Final Length 977 Mils.
Hot Face at Right, One Inch Scale.

Plate 1-4466

x50

Figure 186. Arc Plasma Test JTA(C-ZrB2 -.SiC)(D-13)-ZZM, Interface of Hot
Face Showing Matrix on Left and Oxide on Right with Gap in Center.
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Plate No.
1 -2789

500X

Figure 187. Arc Plasma Test JTA(C-Zr.B -SiC)(D-1?)-2ZM, Matrix
Sting Leg Showing White ZrB Grains and Light Grey2SiC Grains in Dark Grey Graphite Matrix.
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Plate No. 1-4511

X,. 75

Figure 188. Arc Plasma Test JTA(D-13)-4M, Surface Temperature
4560 0 F, Exposure Time Z14 Seconds, Stagnation Pressure
1.08 Atm, Stagnation Enthalpy 4320 BTU/lb, Cold Wall
Heat Flux 660 BTU/ftZsec, Initial Length 645 Mil, Final
Length 125 Mil. Hot Face at Right. One Inch Scale.

Plate No. 1-4512

Graphite

BBoride

Unetched XZ 50

Figure 189. Arc Plasma Tests JTA(D-13)-4M. Melted Interface.
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'i ~ Plate No. 1-4520

XZ. 69

Figure 190. Arc Plasma Test JTA(D-13)-7R, Surface Temperature
4665 0 F, Exposure Time 1800 Seconds, Stagnation
Pressure 0. 074 Atm, Stag atioEnthalpy 9520 BTU/lb,
Cold Wall Heat Flux 500 BTU/ft, sec, Initial Length
681 Mil, Final Length 637 Mil, Hot Face At Right.
One Inch Scale. White Oxide Clearly Visible.

Plate No. 1-4521

Boride

Graphite

Unetched XZ50

Bigure 191, Arc Plasma Test JTA(D-13)-7R. Oxide Detached
at Top Interface.
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Plate No. 1.-45Z3

X3. 13
Figure 192. Arc Plasmna Test JTA(D-13)-8SR, Surface Temperature

5305 0 F, Exposure Time 180 Seconds, Stagnation Pressure
0. 164 Atm, Stagnatioz Enthal.py 73 10 BT U/ lb, Cold Wall
Heat Flux 770 BTU/ft sec, Initial Length 713 Mil, Final
Length 132 Mil. Hot Face at Right. One Inch Scale,

Plate No. 1-4525

Unetched XZ 50

Figure 193. Arc Plasma 'rest JTA(D-13)-8PR. Melted Interface.
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* ~Plate No. 2-04 19

XZ. 70

Figure 194. Arc Plasma Test JTA(D-13)-48MX Surface Temnperatureý
4050 0 F, Exposure Time 7200 Seconds (4 cyclic exposures
each of 1800 seconds), Stagnation Pressure 1. 01 Atm.
Stagnation Enthalpy 4350 13TU/lb, Cold Wall Heat Flux
380 J3TU/ft 2 sec, 118 Mils Recession, Hot Face Down,
One Inch Scale.

Plate, No. 2-04120

Un etc hed ci 25

Figu'Lre 195. Arc Plasma Test JTlA(D- 13)- I8MX, Hot Surfac.
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Plate No. 2-0278

XZ. 60

'gure 196. Arc glasma Test 3TA(D-13)-49RX Surface Temperature
ig 4425 F, Exposure Time 7200 Seconds (4 cyclic exposures

each of 1800 seconds), Stagnation Pressure 0.057 Atrn.

Stagnation •nthalpy 9600 BTU/lb, Cold Wall Heat Flux

v40 1TU/ft sec, 45 Mils Recession, Hot Face Dowr,

One Inch Scale.

Plate No, 2-0279

Urnetched 
X 250

Figure 197. Arc Plasma Test JTA(D-13)-49RX, Hot Surface.
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Plate No. 1-2791 Plate No. 1-4278

a .-

X0. 88 One Inch Scale [
Figure 198.Post Exposure Photographs of Are Plasma Tests KT-SiC(E- 14)-3R,1

4R, 5R, 6R, 7R, IM, ZM, 3M, 4MV, 5M, 6M, 7M and 8M. Hot FacePointing Up. Sample 6M Ablated Completely While 7M and 8M showed
Longitudinal Cracks.

KT-SiC(E- 1.4)- IR X3 3T-SiCE- 14)-4ZR X2.5

Figure 1 9 9. Post Exposure Photographs of Arc Plasma Tests KT-SiC
(E- 14)-R R and 2R. Hot Face Pointed Up. Sample KT-SiC
(E- 14)-U R Ablated Completely and is Shown Mounted on
Tungsten Sting.
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Plate No.
1-2801

22. 55

Figure ZOO. Arc Plasma Test KT-SiC(E-14)-4M, Surface Temperature
367 00 F, Exposure Time 1835 Seconds, Stagnation Enthalpy
4155 BTU/lb, Stagnation Pressure 1 Atm, Cold Wall Heat
Flux 600 BTU/ft2 sec, Initial Length 841 Mils, Final Length
834 Mils. Hot Face at Right. One Inch Scale.

Plate No.
1 -280Z

XZ 50

Figure 201. Arc Plasma Test KT-SiGC(E-14)-4M, Hot Face Showing

Light Grey, SiC Grains and White Silicon Binder Phase.

180



Plate No. 1-4738

XZ. 50

Figure Z02. Arc Plasma Test KT-SiC(E-14)-SM, Surface Temperature
4440 0 , Exposure Time 165 Seconds, Stavnation Pressure
1.08 Atm. Stagnation Enthalpy 4910 BTU/ lb, Cold Wall
Heat Flux 810 BTU/ftZ sec, 4Z5 Mil Recession, Hot Face
Up. One Inch Scale.

Plate No. 1-4739

Etched Electrolytically with 5% KOH Soldition X 2r0

Figure 203. Arc Plasma Test KT-SiC(E-14)-5M, Hot Surface.
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Plat-a No. 1..4957

XZ. 81

Figure 204. Arc Plasma Test KT-SiC(E-14)-7R, Surface Temperature
30600F, Exposure Time 1800 Seconds, Stagnation Pressure
0. 097 Atm, Stagnatiol Enthalpy 10880 BTU/lb, Cold Wall
Heat Flux 652 BTU/ft sec, Initial Length 679 Mils, Final
Length 655 Mils. Hot Face at Right. One Inch Scale.
Specimen Cracked by Thermal Shock.

-' Plate No. 1-4958

Electrolytic Etch 5%KOH XZ50

Figure 205. Arc Plasma Test KT-SiC(E-14)-7R. Hot Interface.
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P~late 1-Z76Z

XO. 88

Figure 206. Post Exposure Photographs of Arc Plasma Tests JT0992
(C-HfC-SiC) (F-i 5)-1M, ZM, 3M, 4M, 5M and 6M. Hot
Face Pointed Up.

Plate 1-3642

! • 3 q 5

Figure 207. Post Exposure Photographs of Arc Plasma Tests JT0992
(C-HfC-SiC) (F-15) (Billet 2/G/6)-1R, ZR, 4R, 5R, 6R and
8R. One Inch Scale. Hot Face Pointed Up.

Plate 1-3504 Plate 1-3505

(F-15)-3R XO.88 (F-15)-TR X0.88

Figure 208. Post Exposure Photographs of Arc Plasma Tests JT0992
(C-HfC-SiC) (F-15) (Billet Z/G/6)-3R and 7R. Hot Face
at Right Pointed toward Left in 3R and Hot Face at Right
in 7R Illustrating Thermal Shock Failures.
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Plate No. I -Z769

X2 .6

Figure 209. Arc Plasma Test 3T0992(F-15)-3M, Surface Temperature
4930 0F, Exposure Time 300 Seconds, Stagnation Pressure
1.10 Atm, Stagnation Enthalpy 4285 BTU/lb, Cold Wall

Heat Flux 770 BTU/ft 2 sec, Initial Length 1054 Mil, Final
Length 692 Mil. Hot Face at Right. One Inch Scale. Some
Side Recession.

Plate No. 1-2770

Unetched X250

Figure 210. Arc Plasma Test JT0992(F-15)-3M. Melted Interface.
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Plate No. 1-2766

X2.5
Figure ZI 1, Arc Plasma. Test JT0992(F-15)-ZM, Surface Temperature

3470 0 F, Exposure Time 1173 Seconds, Stagnation Pressure
1.07 Atm, Stagnation Enthalpy Z105 BTU/Ib, Cold Wall
Heat Flux 430 BTU/ft2 sZc, Initial Length 1033 Mil, Final
Length 999 Mil. Hot Face at Right. One Inch Scale. Severe
Recession at Sides and Rear.

Plate No. 1-Z767

Unetched XZ50 ',

Figure 212. Arc Plasma Test JT0992(F-15)-ZM. Oxide (Top).
Detached from Matrix at Hot Interface.
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Plate No.
1-3688

Mounting Plastic

Oxide Surface
-"of Hat Face

X3

Figure 2 13. Arc Plasma Test JT099Z(C-HfC-SiC)(F-15)-5R, Surface

Temperature 5225 F, Exposure Time 1200 Seconds,
Stagnation Pressure 0.027 atm, Stagnation Enthalpy 14550
BTU/lb, Cold Wall Heat Flux 500 BTU/ft 2 sec, Initial
Length 988 Milo, Final Length 865 Milo. Hot Face at
Right. One Inch Scale.
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Plate 1-3653

X250
Figure 214. Arc Plasma Test JT0992(C-HfC-SiC)(F-15)-5R, Hot Face Interface.

Matrix at Left Containing White HfC Grains and Light Grey SiC
Grains in a Dark Grey Graphite Matrix. Oxide Skin is Out of Focus.

!I

Plate 1-3655

X500

Figure 215. Arc Plasma Test JT0992 (C-HfC-SIC)(F-15)-5R, Sting Leg Matrix
Showing White HfC Grains and Light Grey SiC Grains in a Dark
Grey Graphite Matrix.
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Plate 1-3646

Mounting Plastic

Surface of 1l-ot Face

X3

Figure 216. Arc Plasma Test JT099Z(C-HfC-SiC)(F-15)-ZR, Surface Temperature
5630 0 F" xposure Time 110 Seconds Stagnation Pressure 0.287 Atli,

Stagnation Enthalpy 9390 BTM/Wb, Cold Wall Heat Flux 1145 BTU/ft•sec.
Initial Length 994 Mils, Final Length 594 Mils. Hot Face at Right. One

Inch Scale.

"; Plate 1-4465

X15

Figure Z 17. Arc Plasma Test ST099Z (C-HfC-SiC) (F-15)-ZRj-ot Face Interface
Zone, Matrix on Left, Zone Depleted of Carbides on Right.
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(F-16)-ZIM X0.88 (F-16)-Z2M XO.88

Hot Face at Center Facing Right Hot Face to Left

Plate 1-3508 Plate 1-3509

(F-16)-Z3M XO.88 (F-16)-Z4M XO.88

1-ot Face to Right Hot Face to Right

Figure ZIS. Post Exposure Photographs of JT0981 (C-ZrC-SIC) (F-l6)-ZIM,
ZZM, Z3M and Z4M Showing Thermal Shock Failures. (F-16).Z2M
Experienced Low Temperature (3870 0 F) Oxidation for 1830 Seconds
Prior to Failure.

Plate 1-4Z80

7M' am Jm' 4m
I , , ,1 ,11 ,,1111j l iii III I!11

0 i 2 3 4 5 6

Figure 219. Post Exposure Photographs of JT0981 (C-ZrC-SiC) (F-l6)-ZM,
3M, 4M, 5M, 6M and 7M. Samples ZM, 6M and 7M Exhibited Thermal
Shock Failures While 5M.Experienced Low Temperature (3910 0 F)
Oxidation. One Inch Scale.
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" .Plate No.

1 -4183

X3

Figure Z21. Arc Plasma Test JT0981(C-ZrC-SiC)(F-16)-ZZM, Surface
Temperature 3870 0 F, Exposure Time 1830 Seconds,
Stagnation Pressure I Atm., Stagnation IEýnthalpy 3Z30
BTU/lb, Cold Wall Heat Flux 460 BTU/ft sec, Initial
Length 1055 Mils. Hot Face at Right. One Inch Scale.
Exposure Illustrates Extensive Side Face Oxidation
Occurring at Low Temperature where Protective Oxide
Formation does not Occur.
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Plate: No. 1-4614

XZ. 69
Figure ZZZ. Arc Plasma Test JT0981(F-16)-5M, Surface Temperature

3910(F, Exposure Time 1830 Seconds, Stagnation Pressure
1. 06 Atm, StagLiation Enthalpy 2485 BTU/lb, Cold Wall
Heat Flux 390 BTU/ft~sec, Initial Length 692 Mil, Final
Length 586 Mil. Hot Face at Right. One Inch Scale. Severe
Side Recession.

Oxide

Plate No. 1-4616

Unetched Xzs0

Figure 223. Arc Plasma Test JT0981(F-16)-5M. Interface of
Oxide and Matrix.

192



I

Plate No. 1-4610

X2. 69

Figure 224. Arc Plasma Test JT0981(F-16)-4M, Surface Temperature
4990 0 F, Exposure Time 148 Seconds, Stagnation Pressure
1.08 Atm, Stagnation Enthalpy 3475 BTU/Ib, Cold Wall
Heat Flux 640 BTU/ft2 sec, Initial Length 565 Mil, Final
Length 266 Mil. Hot Face at Right. One Inch Scale.
Some Side Recession.

Oxide

Plate No. 1-4612

Graphite

zrC

sic

Unetched X250

Figure 225. Arc Plasma Test JT0981(F-16)-4M. Interface of
Oxide and Matrix.
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SPlate No. 1-4636

X.. 69
Figure ZZ6. Arc ý.Iad, a Test JT0981(F-16)-gR, Surface Temperature

4695 F, Exposure Time 1800 Seconds, Stagnation Pressure
0. 075 Atm, Stagnatior Enthalpy 9120 BTU/lb, CGold Wall
Heat Flux 523 BTU/ft'sec, Initial Length 696 Mil, Final
Length 655 Mil. Hot Face at Right. Orue Inch Scale.

Plate No. 1-4637A

Unetched X75

Figure 227. JT0981(F-16)-9R. Oxide (Top). Detached from
Matrix.
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Plate No. 1-4624

X3.06

Figure 228. Arc Plasma Test JT0981(F-16)-IR, Surface Temperature
5065 0 F, Exposure Timen 150 Seconds, Stagnation Pressure
0. 179 Atm, Stagnation Enthalpy 7430 BTU/lb, Cold Wall
Heat Flux 747 BTU/ft 2 sec, Initial Length 694 Mil, Final
Length 338 Mil. Hot Face at Top. One Inch Scale.

Plate No. 1-4626

Unetched X250

Figure 229. Arc Plasma Test JT0981(F-16)-.1R. Melted Interface
at Top.
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Figure 230. Post Exposure Photographs of Tungsten and Molybdenum
Samples Employed in Temperature Calibration Tensts in
the Model 500 (M) and ROVERS (R) Facilities.

196



I

Plate No. 1-6453 Plate No.1-5417

110"l 0l ll l I II 1 11IM

2 3 4 2 3 4
Inches inch*&

Plate No. 1-4283

2 II I I I l I, II i t I I II 1 1 1t i it ll -

I I 2 3 4 5 6

Figureo 231. Post Exposure Photographs of 5 Mil WSi Coated W;
WSi /W(G-18)-lM,ZM,3M.4M 1 5M,1lMAizms13M,
14ýv?,9t and IbR. I-lot Face Pointed Down. One Inch

Scale.

Plate No. 1 -4284 Plate No. 1-4285

0-,0) - &lt e", a
II fit| fi ll I i s1 111 11 11 111 ll l l l 111 111 t ot'l ll 111 1 11111 1 11 1# 11€Jl it I l I

2 3 4 2 3 4, "Ca

Figure 232, Post Exposure Photographs of 5 Mil WSi 2 Coated W;

WSi /W(G-18)-6R, 7R and 8R. Hot Face Pointed Up.

OneInch Scale.
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Plate No. 2-0629 Plate No. 2-0713

2 3
Inches iI / I lll IIIIIl iiiIIlIlIlIl'l ll' IlllliIl

2 3 4
inches

Plate No. 2.-0634 Plate No. Z-0639

3 4

Inches 2 '3 4
Inches

Figure 233. Post Exposure Photographs of 5 Mil WSi 2 Coated W
WS1R/W(G-18)-17M,18M,19M,Z0M,2IM,22MZ3R.
and 14R.
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/a Plate No. 1-5363

XZ. 81

Figure 234. Arc Plasmna Test wSiZ/W(G-l8)-4M, Surface Temperature
3210 0 F, Exposure Timfe 1830 Seconds, Stagnation Pressure
1. 05 Atm, Stagnation Enthalpy 2785 BTiU/lb, Cold Wall
Heat Flu~x 460 BTU/ft2 sec, Initial Length 449 Mil, Final
Length 442 MIL Hot Face at Right. One Inch Scale. No
Coating Failure.

Plate No. 1-5364

Etched with Murakarni'MaReagenlt 0.394 Milo per Small Division (X200)

Figure 235, Arc Plasma rest wsi2 /W(G-l8)-4M. Irwrface Showing
W5S13 Zone.

199



Plate No. 1-5411

Xz. 81

Figurec 236a. Arc Plasma Test WSi 2 /W(G-l8)-6R, Surface
remperature 28300 F, ,Exposure Time 1800
Seconds, Stagnation Pressure 0. 08Z Atm, Stag-
nation Elnthalpy ý310 BTU/1b, Cold Wall Heat

Flux554BTUft~ecIniialLength 455 Mils,
Final Length 434 Mils. IHIot Face at Right. One
Inch Scale Arc Conditicns are for Most of
Test (See Table 39). Coating Intact.

Wi

fZ.8

Temperatureat No.°F 1-5412Tie 80
Secnds Stgnaio Prssue0.8Z tm Stag

u B eTunghten

Etched with Murakamila ReagentO. 394 Mils per Small Division (X200)

Figure 236b. Arc Plasma Test WSiZ/W(G-l8)-6R. Interface Showing

W5Si3 Zone.
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Plate No. 1-5105

9|

8e - 9a tog. , zg.,2

I 2 3 4
inches

Plate No. 1-4Z86

1 2 3 4

Plate No. 1-4Z87 Plate No. 1-4288

6 R

2 3 4 2 3 4

Figure 238. Post Exposure Photographs of 8 Mil Sn-AI-Mo Coated
Ta-10W; Sn-AZ/Ta-1OW(G-19)-IM,ZM,3M,4M,SM,6R,
7R,8R,9R, 0R, IR and IZR Arc Plasra Teat Samples.
Hot Face Pointing Down. Samples 1M and 5M Illustrate
Coating Failure and Melting of Ta O. Samples 6R and
8R Illuatrate Coating Failures and kelting of Tantalum.
One Inch Scale.
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Plate No. 1-5040

XZ. 69

Figure 239. Arc Plasma Test Sn-Al/Ta-W(G-19)-4M, Surface
Temperature 3000 0 F, Exposure Time 1830 Seconds,
Stagnation Pressure 1. 05 Atm, Stagnation Enthalpy
2980 BTU/lb, Cold Wall Heat Flux 350 BTU/ft 2 sec,
Initial Length 378 Mil, Final Length 367 Mil. 1-lot
Face at Right. One Inch Scale. Coating Did not Fail.

Plate No. 1-5041

Unetched X250

Figure 240. Sn-AZ/Ta-W(G-19)-4M. Interface of Sn-Al
Coating (Top) and Ta-W Matrix.
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Plate No. 1-5031

XZ.75

Figure 241. Are Plasma Test Sn.Al/Ta-W(G-19)-IM, Surface
Tenmperature 50900 F, Exposure Time 140 Seconds,
Stagnation Pressure 1.06 Atm, Stagnation Enthalpy
2880 BTU/lb, Cold Wall Heat Flux 390 BTU/ftzsec,
Initial Length 368 Mil, Final Length 244 Mil. Hot

'I Face at Right. One Inch Scale. Coating Failed.

Matrix Melted Region

Plate No. 1-5032

Unetched XZ50

Figure 242. Arc Plasma Test Sn-Al/Ta-W(G-19)-IM. Interface
of Melted Region and Matrix.
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Plate No. 1-5019

Mi 4

X3.18

Figure 243. Arc Plasma Test Sn-AZ/Ta-W(G-19)-9R, Surface
Temperature 29503F, Exposure Time 1800 Seconds,
Stagnation Pressure 0. 010 Atm, Stagnation Ent.ýalpy
10520 BTU/lb, Cold Wall Heat Flux 158 BTU/ft sec,
Initial Length 362 Mil, Final Length 342 Mil. Hot
Face at Top. One Inch Scale. Coating Did Not Fail.

Plate No. 1-5020

isi

Unetched Xz20

Figure 244., Arc Plasma Test Sn-Al/Ta-W(G-19)-9R. Interface
of Coating (Right) and Matrix.
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Plate No. 1-5016

X3. 18

Figure 245. Sn-AI/Ta-W(G-19)-8R, Surface Temperature 3670 0 F,
Exposure Time 400 Seconds, Stagnation Pressure 0.011
Atm, Stagnation Enthalpy 11440 BTU/lb, Cold Wall Heat
Flux ZOO BTU/ft~sec, Initial Length 361 Mil, Final
Length 32Z Mil. Hot Face at Top. One Inch Scale. Coating
Failed.

Plate No. 1-5018

Unetched XZ50

Figure 246. Arc Plasma Test Sn-Al/Ta-W(G-19)-8R. Interface
of Melted Ta-W (Right) and Matrix.

206



z0

- t4

00

-4
p4

0

4-

- U)

P 4 LA

207



Plate No.

Xa.87

Figure 248. Arc Plasma Test W+Zr+Cu(G-Z0) -6M, Surface
Temperature Z420 0 F, Exposure Time 1800 Seconds,
Stagnation Pres sure 1. 01 Atm. , Stagnation Enphalpy
1830 BTU/lb, Cold Wall Heat Flux 155 BTU/it sec,

* ~Initial Length 4V7 Mils, Final Length 26Z Mils. Hot
Face Up. One Inch Scale.

Plate, No.
1-9731

Etched with Murikami's Reagent X250

Figure 249. Arc Plasma Test W+Zr+Cu(G-ZO)-6M, Hot Interface
at T op.
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Plate No.
1 -9712

X2.87

Figure 250. Arc Plasma Test W+Zr+Cu(G-20)-ZM, Surface
Temperature 3345 0 F, Exposure Time 324 Seconds,
Stagnation Pressure 1. 01 Atm., Stagnation Enthalpy
3030 BTU/lb, Cold Wall Heat Flux 170 BTU/ftsec,
Initial Length 500 Mile, Final Length 388 Mile. Hot
Face Up. One Inch Scale.

Plate No,

1-9713

Etched with Murikami's Reagent X250

Figure 251. Arc Plasma Test W+Zr+Cu(G-20)-ZM, I-lot Interface
at Top.
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: WPlate No.

1-9748

S--

xZ. 80
Figure 252. Arc Plasma Test W+Zr+Cu(G-20)-9R, Surface Tempera-

ture 5300 0 F, Exposure Time 775 Seconds, Stagnation
Pressure 0. 100 Atm., Stag natio/a Enthalpy 10680 BTU/lb,
Cold Wall Heat Flux 584 BTU/ft4sec, Initial Length 433
Mils, Final Length 411 Mils. Hot Facc Up. One Inch Scale.

* I

Plate No.
1-9749

Etched with Murikamils Reagent XZ50

Figure 253. Arc Plasma Test W+Zr+Cu(G-Z0)-9R. Hot Interface
at Top.
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Plate No.
* 1-9742

X2. 80

Figure 254. Arc Plasma Test W+Zr+Cu(G-20)-8R, Surface Tempera-
ture 5205sF, Exposure Time 500 Seconds, Stagnation
Pressure 0.135 Atm., Stagnatiqn Enthalpy 11980 BTU/lb,
ColdWall Heat Flux 662 BTU/Itf sec. Initial Length 438
Mils, Final Length 181 Mile. Hot Face Up. One Inch
Scale, Stin Shown in Place.

Plate No.
1-9743

Etched with Murikami's Reagent X250

Figure 255. Arc Plasma Test W+Zr+Cu(G-20)-8R Hot Interface at
Top.
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Plate No. 1-9,53Z

SI ' 2 "3 4 5 6
inches

Figure Z56. Post Exposuru Photographs of Arc Plasma Tests
W + Ag(G-Zl)-IM, ZM, 3M, 4M, 5M and 6M.
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Figure 257. Arc Plasma Test W+A&(O-Zl)-6M, Surface Temperature
2545 0 F, Exposure T~ia 1800 Seconds, Stagnation Pres-
sure 1. 01 Atm, *, Stagnation Ental~apy 2000 BTU/lb,
Cold Wall Heat Flux 1 60 BTU/it sec, Initial Length
445 Mile, Final Length 387 Mile. Hot Face Down.
One Inch Scale

0. 2 -0693

.,,

Etched with Murikarni's Reagent X250

Figure 258. Arc Plasma Test W+Ag(Q-2l)-6M. H-ot Interface at
Top.



1-9768

Figure 259. Arc Plasma Teat W+Ag(G-2l)-5M, Surface Temperature
3050 0 F, Exposure Time 460 Seconds, Stagnation Pres-
sure 1. 01, Stagnation Enthalpy 2760 BTU/lb, Cold Wall
Heat Flux 210 BTU/Jft~sec, Initial Length 439 Mils, Final
Length 301 Mils, Hot Face Down. One Inch Scale.

Plate No.
1-9769

Etched with Murikamni'a Reagent X250

Figure 260. Arc Plasma Test W+Ag(G-Z1)-5M. Hot Interface
at Top.
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Plate No. 1-7743

0 I 2 3 4

Plate No. 1-7691 Plate No. 1-7827

I 2. 3 4 2
inchoe inches

Figure 261. Post Exposure Photographs of Arc Plasma Tests SiO2 +
68.5w/o(I-I-2g) -iM, ZM, 3M, 4M, 5M, 6M, 7R, 8R, 9R, 10R
and hIR.
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Plate No. 1-7753

X3. 00

Figure Z62. Arc Plasma Test SiO2 + 68.5 w/o W(H-22)-4M, Surface

Temperature 5205 0 F, Exposure Time 1800 Seconds, Stag-

nation Pressure 1.08 Atm. Stagnation Enthalpy 5500 BTU/lb
"Cold Wall Heat Flux 780 BTU/ftz sec, 428 Mil Recession,
IHot Face Down. One Inch Scale.

I41

* Plate No. 1-7747

X3. 00

Figure 263. Arc Plasma Test SýiOZ + 68. 5 w/o W(H-22)-2M, Surface
Temperature 4505 F', Exposure Time 1557 Seconds,
Stagnation Pressure 1. 07 Atm, Stagnation Enthalpy 4110
BTU/lb, Cold Wall Heat Flux 580 BTU/ft2 sec, 19 Mil
Recession, Hot Face Up, One Inch Scale.
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Plate No. 1-7701

X3.00

Figure 264. Arc Plasma Test SiO2 + 68.5 w/o W(H-22)-IOR, Surface
Temperature 3750 0 F, Exposure Time 600 Seconds,
Stagnation Pressure 0. 009 Atm. Stagnation Enthalpy 13, 100
BTU/lb, Cold Wall Heat Flux 230 BTU/ft2 sec, 331 Mile
Recession, Hot Face Up. One Inch Scale.

3

Plate No. 1-7692

X3.00

Figure 265. Arc Plasma Test SiOZ + 68.5 w/o W(H-2Z)-7R, Surface
Temperature 4175 0 F, Exposure Time 230 Seconds, Stag-
nation Enthalpy 10, 580 BTU/Ib, Cold Wall Heat Flux 526
BTU/ftZ :)ec, 507 Mil Recession, Hot Face Down, One
Inch Scale.
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Plate No. 1-4760

X2. 5

Figure 267. Arc Plasma Test SiO2 + 60w/oW(H-23)-ZM, Surface
Temperature 36750F, Exposure Time 1830 Seconds,
Stagnation Pressure 1.06 Atm, Stagnation Enthalpy
3380 BTU/lb, Cold Wall Heat Flux 405 BTU/tt2 sec,
Initial Length 700 Mil, Final Length 683 Mil. Hot
Face at Bottom. One Inch Scale. Rear Broke on
Removal after Test.

Plate No. 1-4762

Tungsten

Sio

Unetched Xi 25

Figure 268. Arc Plasma Test SiO 2 +60w/oW(H-23)-2M. Hot
Interface.
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Plate No. 1-6532

- a n ~ S S * X2. 69

Figure 269. Are Plasma Test 6iU2 +60w/oW(H-23)-15M, Surface
Temperature 4210 0 F, Exposure Time 1286 Seconds,
Stagnation Pressure 1. 08 Atmn, Stagnation Enthalpy
5440 BTU/lb. Cold Wall Heat Flux 855 BTUfft~sec,
Initial Length 686 Mil, Final Length 318 Mils. Hot
Face at Right. One Inch Scale. Specirnen Broke on
Removal after Test. Viscous Flow Qb~eerved.

Depletion Zone

Plate No. 1-6533

F Unetched X 250
Figure .270. Arc Plasma Test S10 2 + 60w/oW(H-23)-15M. Top

Surface After Viscous Flow.
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Plate No. 1-5318

I-+--- )
,W

X3.38

Figure 271. Arc Plasma Test SiO 2+60w/oW(H-23)-8R, Surface
Temperature 38700F, Exposure Time 325 Seconds,
Stagnation Pressure 0. 023 Atm, Stagnation Enthalpy
10860 BTU/lb, Cold Wall Heat Flux 475 BTU/ft 2 sec,
Initial Length 699 Ml!, Final Length 320 Mil. Hot
Face at Bottom. One Inch Scale.

Plate No. 1-5319

Unetched X125

Figure 272. Arc Plasma Test SiOZ + 60w/oW(H-23)-8R. Hot
Interface Showing Some Si0 2 Reaction.
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Plate No. 2- 0706

tr'•FPPI't•'i,' irI''I[|.I'I't'' I'f'I 'rrI'i';'I'r'I'r.grvr

Inches

Plate No. 2-0674

1 2 3 4
Inches

Plate No. 2-0707 Plate No. 2-0708

D(DIfI' qqI'Iq IJ/Ig//'IfIj/IIjPIp'jIj 'I 'PI'I'I1111I'I't''I't'1 ImBJJ.l l'I'I'~m l P' .

Inch.s

Figure 274. Post Exposure Photographs of Arc Plasma Tests Hf-Ta-Mo
(I-23)-27M, 30M, 31M, 32M, 37M, 38M, 41M, 42M, 53M,

.1 i54M, 55M, 45M, 46M.
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Plate No. 2-0649

* 2 3
inches

Plate No. 2-0673

ROM iTV.~C OC Vrl< 4d$IC .

I2 3 4 6

Plate No. 2-0709

I 2 3 4 5 SO

inches

Figure 275. Post Exposure Photographs of Arc Plasma Tests Hf-Ta-
Mo(I-23)-33R, 34R, 35R, 36R,Z8R. 39R,40R, 43R, 44R,49R,
5l1R, 29R, 47R, 48R, 50R and 52R.

224



Plate No. 1-4785

X2.7

Figure 276. Arc Plasma Test Hf-Ta-Mo(I-23)-lM, Surface
Temperature 4030 0 F, Exposure Time 1830 Seconds,
Stagnation Pressure 1. 08 Atm, Stagnation Enthalpy
3295 BTU/lb, Cold Wall Heat Flux 530 BTU/ft~sec,
Initial Length 578 Mil, Final Length 553 Mil. Hiot
Face at Bottom. One Inch Scale.

Oxide

Subscale

Plate No. 1-4786A

Matrix

Etched with 15 Glycerine 5 HNO 3 5HCI 3HF X75

Figure 277. Arc Plasma Test Hf-Ta-Mo(I-23)-oM. Interface Showing
Oxide, Subscale and Matrix.
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Plate No. 1-6652

XZ. 87

Figre 78,Arc Plasma Test Hi--Ta-Mo(I-23)-15M, Surface
Figre 78.Temperature 4645'F, Exposure Time 1830 Seconds,

Stagnation Pressure 1.06 Attn, Stagnation Enth!alY
3735 BTru/lb, Cold Wall Heat Flux 515 ET U/ft seec,
Initial Length 421 Mil, Final Length 353 Mil. Hot
Face at Bottom. One Inch Scale.

Plate No. 1-6653A

Subscale

Etched with 15 Glycerine 5HN0 3 5HCI 3HF X75

Figure 279. Arc Plasma Test Hf-Ta-Mo(I-23)-15M. Interface
Showing Oxide, Subscale, Matrix. Some Melting
of Oxide Has Occurred.

226



Plate No. 1-5007

X2. 81
Figure 280.. Arc Plasma Test Hf-Ta-Mo(I-Z3)-12R, Surface

Temperature 3755 0 F, Exposure Time 1800 Seconds,
Stagnation Pressure 0.018 Atm, Stagnation Enthalpy
12710 BTU/Ib, Cold Wall Heat Flux 378 BTU/ft 2 sec,
Initial Length 560 Mil, Final Length 534 Mil. Hot
Face at Bottom. One Inch Scale. Oxide and Subscale
Clearly Visible at Hot Face.

Oxide

-- Subscale

Plate No. 1-5008A

Matrix

Etched with 15 Glycerine 5HNO 3 HCI 3HF X75

Figure 281. Arc Plasma Test Hf-Ta-Mo(I-23)-lZR, Interface Showing
Oxide, Subscale and Matrix.
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' Plate No. 1-4807

X3, 18

Figure 28Z. Arc Plasma Test Hf-Ta-Mo(I-23)-9R, Surface
Temperature 4220F, Exposure Time 1800 Seconds,

Stanaton resure0.022 Atm, Stagnation Enthalpy
11250 BTU/lb, Cold Wall Heat Flux 337 BTU/ft2secp
Initial Length 432 Mil, Final Length 326 Mil. I-ot Face
at Top. One Inch Scale. Oxide and Subscale Clearly
Visible at Hot Face. Some Melting has Occurred.

MatrixSubscale

Plate No. 1-4808

Eteched with 15 Glycerine SHN0 3 5HCI 3HF X50

Figure 283. Arc Plasma Test Hf-Ta-Mo(I-23)-9R. Interface
Showing Oxide, Subecale and Matrix. Some Melting
of Oxide has Occurred.
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Plate No. I-9224

X3. 00

Figure 285. Are Plasma Test Hf-2OTa-ZMo(1-23)-lMC, Surface Temn-
perature 4760 0 F, Internal Temperature 3530oF, Exposure
Time 1800 Seconds I Stagnation Pressiure 1.05 Atrn-, Stag-
nation Enthalpy 3220 BTU/lb, Cold Wall Heat Flux 425
BTLU/tZ sec, 46 Mil Recession, Hot Face Up. One Inch
Scale.
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Plate No.
Z-0694

XZ.3 5

Figure 286. Arc Plasma Test Hf-Ta-Mo(I-23)-Z7M. Average Surface
Temperature 42300 F, Exposure Time 11,600 Ssconds
(7 cyclic exposures each of approximately 1800 seconds),
Stagnation Pressure 1. 05 atm., Stagnatioy Enthalpy 3300
BTU/lb, Cold Wall Heat Flux 410 BTU/ft sec, 138 Mils
Recession, Hot Face Up. One Inch Scale.

Plate No.
2-0695

Etched with 15 Glycerine X250
5HNO3 5HCl

Figure 287. Arc Plasma Teut Hf-.Ta-Mo(I-Z3)-Z7M, Ilot Surface.
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Plate No.
Z-0696

rr .

n

X2.35

Figure 28:8. Arc Plasma Test Hf-Ta-Mo(I-23)-28R. Average Surface
Temperature 4200 0 F, Exposure Time 7220 Seconds (4
cyclic exposures each of approximately 1800 seconds),
Stagnation Pressure 0. 13Z Atm., Stagnation Enthalpy 7600
BTU/lb, Cold Wall Heat Flux 398 BTU/ft sec, 55 Mils
Recession, Hot Face Down, One Inch Scale.

Plate No.
2-0697

Etched with 15 Glycerine X250
5HNO 3 5HC13HF

Figure 289. Arc Plasma Test Hf-Ta-Mo(I-Z3)-28R, Hot Surface.
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: NI Aie Plate No. Z.-0699

X2.7 5

Figure 290. Arc Plasma Test H-f-Ta- Mo(I-23)-38MH Surface Temperature
4230 0 F, Exposure Time 1800 Seconds, Stagnation Pressure
1.0Z Atm., Stag~ation Enthalpy 3Z20 BTU/lb, Cold Wall Heat
Flux 435 BTU/ft sec. 48 Mils Recession, I-ot Face Up. Onie

Plate No. 2-0700

k-I

Etched with 10 Glycerine X250
5HN0 3 5HC13HF

Figure 291, Arc Plasma Test 1-I-Ta-Mo(i-23) -38MI1, Hot Surface.
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XZ.B80

Figure 29Z. Arc Plasma Test Hf-Ta-Mo(I-23)-39RH. Surface Temperature
36Z0 0 F, Exposure Time 1800 Seconds ' Stagnation Pressure
0. 137 atm., Sta ination Enthalpy 6740 BTU,'b, Cold Wall Heat
Flux 412 BTU/ ftc sec, 22 Mils Recesgion, Hot Face Up. One
Inch Scale.

Plate No.
2-0702

Etched with 10 Glycerine XZ50
5HN0 3 5HCl3HF

Figure 293. Arc Plasma Teat Hf-Ta-Mo(I-Z3)-39R1-{, Hot Surface,
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Plate No. 2-0445 1

3

inches

Plate No. 1-7950 Plate No. 1-7961

• III I If Ii 911I IIil

inchet; incher
Plate No. 1-8021 Plate No. 1-8020

2O * ;t- /P.

S2 3 4 23
inches inchei

Figure 294. Poet Exposure Photographs of Arc Plasma Tests IrC/C
(1-24) -23M, 9M, 1 OM, 11 M, 1 ,3M 16M, 177R, 1 R. 22R, U4R
and 30R.
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Plate No. 2-0710

"2 3. 4
inches

Plate No. 2-0711

l 'I ! 'l l' 'l' 'l' 'J ill 11111 1'l111 1l1l l 1'l 111 1111 l jl jý't

2 3 4
inches

Plate No. Z-0712

"p l' l lp/i/ 11 l/ 1111 111111 11'1 1111 1 '11 1' Jill I IIII 11 1 I 1' t
2 3 4

Inches

Figure 295. Post Exposure Photographs of Arc Plasma Tests Ir/C
(I-24)-36MOX, 37MOX, 4M, 1ZM, 18M, 3R, Z5R, Z7R and
291R.
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Plate No. 1-7962

X2. 80

Figure 296. Arc Ilasma Test Ir/C(I-24)-13M, Surface Temperature
4535 F, Exposure Time 1800 Seconds, Stagnation
Pressure 1.02 Atm. Stagnation Enthalpy 3140 BTU/Ib,
Cold Wall Heat Flux 310 BTU/ft2 sec, 16 Mil coating
melted off. Hot Face Up. One inch Scale.

I• V ..e :.

;,,.:.m '*i "Plate No. 1-7966

: Ii ,' . > . " ,
9 '•, . ..

* q,! ,,.. . , *

Unetched X zoo

Figure 297. Arc Plasma Test Ir/C(I-24)-13M, Location in Iridium
Coating at Center of Side Wall.
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Plate No. 1-7971

Etched Elect rolytically in 2076 HCM ini Saturated Aqueous Solution
of NaCi X 500

Figure Z98. Arc Plasma Test Ir/C(I-Z4)- 13M, Location in Iridium Coating
at Back of Sting Leg.

P Plate No. L-7970

Etched Elecetrolytic ally in 20% HCl in Saturatedl Aqueous Solution
of NaCl, X500

Figure ".99. Arc Plasma Test Ir/ C (1- 24)- 13M, Location in Iridium Coating
at B~ack Quarter of Side Wall.
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Plate No.

2-44

Figu re 300. Arc Plasma Test Ir/C(I-24)-23M. Surface Temperature
41550 F, Exposure Time 1800 Seconds, Stagnation Pres-
sure 1. 01 Atm., Stagnation Enthalpy 2750 BTU/lb, Cold
Wall Heat Flux Z88 BTU/ft2 sec. Coating Survived Hot

Fa~ce Up. One Inch Scale.

~ ~ Plate No.
________ S. - -0447

Etched Electrolytically in Z0% X89
HC1 in a Saturated Solution of
NaCl in Water

Figure 301. Arc Plasma Test IrlC(I-24)-23M. H-ot Interface
at Top. One Division Equals 0.788 Mils. Coat-
ing Thickness Equ als 2 3. 6 Mil s.
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O,OSurfoce, in-depth Temperatures for A-3-2MC
with 0.101" nose.

O1e, Surface, in-depth Temperatures for A-3-3MC
with 0.102" nose.

, I , I I I u'I

4400 0

4 0
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I- 2000- 0

00 0.•

" .I . I I i i I . J -

400 800 1200 1600

Time (Seconds)

Figure 30Z. Tine-Temperature 1{lutorle.i of Su~rface and In-.
Depth Temnperaturzea for ZrB 2 (A-3).
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0,11. *Surface,in-depth fempercaures for A-7-40M

with 0.100" norse.

0O-Surface, in-deplh Temperatures for A-7-39R C., IA3urfacc. in-depth temperotures foe A-T-4i M

with 0,391* nose, with O,39T rase.
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with 0,395' nIS,
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Figure 303. rimec-Ternperature Hiatories of Surfaco and In-Depth
T' rnpoef1raturCs for I-Ifl +SiC(A-'7).
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0 *-Surface in-depth Temperatures for A-7-44M
with 0.101" f.. O,4,Svirfoce, In-dept Temperaturew for A-?-461pS

* •,Suwface,in-deplh Temperatures for A-7-45M 0.07 nef
with 0.•I3"* ame. DAJIurfoeso, in-depth T'emperatures for A-7-4?AS

with 0,400" nose.
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Figure 304. Time-Temperature Histories of Surface and In-Depth

Temperatures for H:EBZ+SiC(A-7).
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0,0 5.,f.-, in-d~pth t-Prt...- M for A-8-25M
-C~h 0.96 0,11iiSulloct, in-depth Temperaotoge for A-4-M7
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Figure 305. Time-Ternlperatllre Hi~stories of Surface anid In-Depth
TempratresforZrI3 2 +SiC(A-8).
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o-.OSurfacg, in-depth temperatures for A-10-34M
(Hemispherical Tip) with o0oL" me. OSSurt ce, in-depth Temperatures for A-10-36R
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Figure 306. Time-Temperature Histories of Surface and In-Depth
Ternpe:atures for ZrB?+SiC+C(A-10).
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Figure 307. T ime- Temperature Histories of Surface and In-Depth
Temperatures for ZrB2 +SiC+C(A-10).
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I

Q3,0- Surface, in-depth temperatures for

B-5-31 M with 0.202" nose.

i, O- Surface, in- depth temperatures for
B-5-32 M with 0.463" nose.
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23000

2O7 00

0'28002700-o0

a 0250M 0 0
• o

2400 0 of*

2300-

100 200 W00
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Figure 308. Time-.Temperature Histories of Surface

and In-Depth Temperatures for RVA(B-5).
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,O0 Surfae, in depth temperatures ior 0-18-17M
with 0.102" Voh...

40-"SUrfo|, In.-ýlpth Tenaperlurole for u-I1.-1t•
U1m a Surface, in-depth temperatures for O- 0 -. lM mOilk .016 none , T

with 0.200" .. s.. 1,1*SI rfoce .In-tdpuph Temperatures for -40-20M

wrlb 0,200" none.
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Figure 309. Time -Temperature Histories of Surface and I-Depth
Temperatures for WSi2 /W(G-18).
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O,.Swvf ace ItTe mprtpth r fr1 1-3-IMC
with emOLe. frO0Surface, in-depth Termprotures for t-23-3MC

with O.100. nose.
O ur'lifaiingie-depth Temreture, for --23-2MC Ds Surfacein-eplh Temperatures for Z-23-4"C

with 0.093" Rowe. with 0.0911" nose.
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Figure 310. Time-Temperature Histories of Surface and In-Depth
Temperatures for Kf-Ta-Mo(I-23).
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Figutre 311. Time-Temperature HistorieG of Surface and In-Depth
Temperatures for Hf-Ta-Mo(I-Z3).
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Figure 312. Time-Temperature His tories of Surface and In-Depth
Temperatures for Hf-Ta-Mo(I-Z3).
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Plate No. 1-6685

Plate No. 5127

ii i ii I!I '• •sJ it"

2 35 2 :3 4
in ches Inches

ZrB. (A-3)
Plate No. 1-6698

Plate No. 1-7176 I p

2 3 423
in~ches

ZrB. (ManLabs-Avco)

Plate No. 1-6681

Plate No. 1.6702

/_-/ /'JU 7 -ZZ

inches inches

Bor(de Z (A-5) ZrB2 + 307 SiC(A-8)

Figure 317. Post Exposuzre Photographs of IOMW Arc Zxposures ZrB (A-3)
and (Mantabs-Avco), Boride Z(A-5) and ZrBz + Z0%SiC(k-8).
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Plate No. 1-7173

X3. 4
Figure 318. 10 MW Arc Test HfBi (A-Z)-HF-2, Surface Temperature

3305 0 F, Exposure T&r' 20. 1 Seconds, Stagnation Pressure
4.3 Atm, Stagnation Enthalpy 1930 BTU/lb, Cold Wall Heat
Flux 695 BTU/ftzsec. Hot Face at Top. One Inch Scale. Fine
Cracks Observed.

Plate No. 1-7188
.1•

X3.3

Figure 319. 10 MW Arc Test HfB I(A-6)-HF-Zl, Surface Temperature
3470 0 F, Exposure Ti''e 20. 1 Seconds, Stagnation Pressure
4. 3 Atm, Stagnation Enthalpy 2030 BTU!Ib, Cold Wall Heat
Flux 733 BTU/ftzsec. Hot Face at Bottom. One Inch Scale.
Large Cracks Observed.
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Plate No. 1-7212

X2.87
Figure 3Z0. 10MW Arc Test HfB 1 +20%SiC(A-4).HF-37, Surface

Tomperatui'e 47900A; Exposure Time 20.2Z Seconds,
Stagnation Pressure 4. 3 Atm, Stagnation Enthljpy
2.540 BTU/lb. Cold Wall Heat Flux 940 BTU/ft sec.
Hot Face at Top. One Inch Scale.

Plate No. 1.7192

Figure 321, 10MW Arc Test HfB +20joSiC(A-7)-HF-32, Surface
Temperature 46100F. ixposure Time 20. 1 Seconds,
Stagnation Pressure 4. 3 Atm, Stagnation Entha~lpy
2710 BTU/lb, Cold Wall Heat Flux 948 BTtJ/ft . sec.
Hot Face at Right. One Inch Scale.
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Plate No. 1-7202

X2.87Figure 322. 10 MW Arc Test HfBz +Z0%SIC(A-7)-HF.18, SurfaceTemperature 3500 0 F, "xposure Time ZO. 1 Seconds,Stagnation Pressure 4. 3 Atm, Stagnation Enthalpy
2200 BTU/lb, Cold Wall Heat Flux 787 BTUL/ftsec.Hot Face at Top. One Inch Scale. Fine Cracks Observed.

Plate No. 1-7177

X3.4
Figure 323. 10MW Arc Test ZrB (ManLabs-Avco)-HF.17, SurfaceTemperature 3425o0, Exposure Time 20.1 Seconds,

Stagnation Pressure 4. 3 Atmi, Stagnation Enthalpy
1964 BTU/lb, Cold Wall Heat Flux 714 BTU/ftsec.
I-lot Face at Bottom. One Inch Scale. Fine Cracks Observed.
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Graphite

One Half Inch Diameter Specimens

Tungsten Seie

S....•°"" Specimen

Cement

One Inch Diameter Specimens

Figure 327. Details of Spechimen Holders Employed ini Wave Superheater Tests.
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7II

(a) View From Right Side
(Camera View)

i8

*~I Picture
[Camera

5

(b) Pilot's View (Looking Upstr2om)

Figure 3Z8. Orientation of Calorimeter and Models in Wave Superheater Expoaures.
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I I
800f -r.5
600

/

400q/
300 "

200 -

Mach No. = 5.45, P 0.97 atme

1O0 ie 2120 BTU/lb, E = 0.55

80 Cp= 0. 2 BTU/lb 'R, k =0. 006 BTU/ft sec°R

p 350 lbs/ft3

60

Vi430

N

~20

SaoI-I

6.0

4.0

3.0

2.0

1.0

0 1000 2000 3000 4000 5000

Wall Temperature OR

Figure 329. Calculated Heat Flux As A Function of Wall Temperature for
A One-Half Inch Diameter Hemispherical Cap Shell of Zirconium
Diboride One-Eighth Inch Thick in the Mach 6 Test Section of the
Cornell Wave Superheater.
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L nch e% 6 .' P f92-rr n 07=t A.n IhQ i't 3

80 e
8 i e=I . 5 '0.2 BTU/lb 'R, k =0. 006

60 e BTU/ft2 sec

30- 15 Seconds Maxirnum Exposure

20I
10.0
8.0 I" Diameter
6.0- cV 460 BTU ft2 sec

4.0-
3.0 

1/2" Diameter
• 2.0 qc .6 50 BTU. ft2sec

i0.60

"w 0.10----
tn0.308

06
S0.20-

0.08
0.06-

0.04
0.03

002

0 1000 2000 3000 4000 5000

Wall Temperature *R

Figure 330. Calculated Wall Temperature As A Function of Time for A One
Inch and a One-Half Inch Diameter Hemispherical Cap Shell
of Zirconium Diboride One-Eighth Inch Thkckin the Mach 6 Test
Section of the Cornell Wave Superheater.
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Plate 1-4483 Sting Number Material

£.Z Z(-n} - -Z

KT-SiC(E-14)-l-*
KT-SiC(E-14)-3. 18'

4 Hf-!.OTa-?.Mo(l-23) -4-i9q
5 W(Uncoated)(G-18)-X-l1
6 RVA(B-5) -X-5

8 JT0992(F-15)-X-9

0 Denotes one inch diameter cap. All other

models are one half inch diameter.

R$I 1- . . . ....

2 3 4

Figure 334. CAL Run 67-473, Mach Number 5.45, Stagnation Pressure
1. 1 atm, Stagtqtion Enthalpy ZZOO BTU/lb, Cold Wall Heat
Flux 580 BTU ft"isec, Exposure Time 15 Seconds.

Plate 1-4884 Sting Number Material

I Hf-2OTa-ZMo(1-Z3)-I-lZ
2 HfB 2 I(A-Z)-X-1

3 HfB ASiC(A..4)-S• 4 PO(i-6) -X-6
5 BPO(B-7)-X-16
6 JT0981(F-16)-X-10
7 ZrB .(A-3).-4.3
8 Sn-A7/Ta- 10W(G-I 9) -3-22

Denotes one inch diameter cap. All other
-. ode1s are one half inch diameter.

tooe•Ie oo~ r e'

111 11fif lIl I I I w II I11. fi lI II% I,

1 2 3 4

Figure 335. CAL Run 67-474, Mach Number 5.45, Stagnation Pressure
1.15 Iatm, Stag ntion Enthalpy 2180 BTU/Ib, Cold Wall Heat
Flux 635 BTU/ft sec, Exposure Time 15 Seconds.
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~ Plate No. 1-4691
%1 0, a) One Inch Scale

'iiji a Ls

Plate No. 1-469Z
b) X250, Etched with

10 Glycerine SHN0 3
3HF. Hot Interface
at Top.

Figure 336. Model ZrB2 (A-3)-1-Z, Run #1, Sting #1.
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Plate No. 1-4708

a) One Inch Scale

Plate No, 1-7767

,~' ~ b) 1,97 Milo per Small
~ Division, Etched

¶ KOH, Hot Face at Top

Plate No. 1-5334

C) X250, Etched. Hot
Interface at Top

Figure 337?. Model KT-S9I.C(E-14)-l-8, Run #1, Sting 02.
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Plate No. 1-4709

a) One Inch Scale

Xl

Plate No, 1-7768

j b) 1. 97 Miii per Smaill
~ Division, Etched

VI't4 Electrolytically in~ 5%
KOH-. Hot Face at Top

c) X250, Etched, Hot
Interface at T'op.

Figure 338. Model KT-SiC(1;-14)-3..l8, Run #1, Sting #3.
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I

Plate No. 1-4719

a) One Inch Scale

*,',,., ) Plate No. 1-7766

' ',4:•1 b) 1.97 Mile per Small
Division, E]tched with15 Glycerine 5HNO3

5HOZ 31-F, Hot Face at

Top

Figure 339. Model Hf-ZOTa-ZMo(I-Z3)-4-1), Run#l, Sting #4.
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Plate No. 1-47 16
a) One Inch Scale

Plate No. 1-5335
b) X200, Etched with

Murakamils Reagent
H-ot Interface at Top

Figure 340, Model W(Uncoated) (G- 18)-X- 11, Run #1, Sting#.
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Plate No. 1-4698
mý Al ya) One Inch Scale

s'.. Plate No. 1-4705
b) One Inch Scale

* .. ''. 4 * .jjj- u 1

Plate No. 1-4706
c) X250, Unetched.

Hot Interface at Top

Fig ure 3 41. a) Model1 RVA(B -5) - X -5, Run #1, Sting # 6.
b & c) Model JTA(D- 13)-X-7, Run #1, Sting #7.
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Plate No. 1-4718

a) One Inch Scale

0 ~a d

Ji Plate No. 1-7765
- 2 b) 1. 97 Mills per Small

Division, Etched with
.r ~ . , ~ 15 Glycerine 5HN0 35HCZ 3HF. I-ot Face

at top.

I Plate No. 1-7763

c) X500, Etched, Interface
of Suboxide (Top) and

Figure 34Z. Model Hf-2OTa-2Mo(I-Z3)..1...Z, Run #2, Sting #1.
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Plate No. 1-4688
a) One Inch Scale

Plate No. 1-4689
b) X250, Etched with

10 Glycerine 5HNO3
3HF. Hot Interface
at Top

Figure 343. Model HfB2. 1 (A- 2)-X- 1, Run #2, Sting #2.
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Plate No. 1-4694
a) One Inch Scale

Plate NO. 1-4695
b) X250, Etched with

10 Glycerine 5HNO3
3HF. Hot Interface
at Top

Figure 344. Model HfB 2 + SiC(A-4)-X-4, Run #2, Sting #3.
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AI

))

Plate No. 1-4701a) One Inch Scale

Plate No. 1-.4703
0 b) One Inch Scale

Figure 345. a) Model PG(B-6)-X-6, Run #2, Sting #4.
b) Model BPG(B-')-X- 16, Run #Z, Sting #5.
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I

Plate No. 1-4713

a) One Inch Scale

Plate No, 1-4714

b) X25O, Unzetchad.
Hot Interface at Top.

Figure 346, Model JT098( F- 16)-X- 10, Run *2, Sting #6.

Z79



Plate No. 1-4717
a) One Inch Scale

Plate No. 1-5341
b) X250, Unetched.

Hot Interface at Top.

Figure 347. Model Sn-AZ/Ta-W(G-19)-3-22, Rim #Z, Sting #8.
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TABLE 2

Calexasa0. Temoperature
Malarial Ov N 1.03. TICALIC) /?3SA)

sample No. Cold C pi. 3 Wall try *PA Riddell

_______ I~d St, 1 Dj jr BTUork iha~ Leur Heal. C.131c.fo faces 0343.4

.30M 0.0 .46 11170 *044 0 646410 IS IS 969/61V 9631406 lo0b 1. Is,39k
to003430 0.0 0,00 1110 0 448 3 044 9300/us 9713/00 Ili0 1.06 kIt

.03M 0.0 3,19 ties 0. ON too 64,60 043 0.0 00161044 as,~8 40 .00 3.04
. a0 0 .00 09 8890o 6,14 1440 4,8 so 819 0.8 130/al 447/846 11110 3.08 3.34
.0 0.1,309 47160. $0,0 90 4440 04 0.38 988/090 ... 1146 183 0.94 k.043

33 13 gri.l dik hemal shocked oil Iftffia3I n 8 MR *341" Otemat alsookl ON
.414 0,8 3,30 04 0.000 930 8040 160 0.03 469/1s4 .. 41111& 3I30 .09 1.38t

. 1:1 0, .14 9410.0* 498 80000 113 0.18 91111410 98/09 3"0040 3.314 1
it8 IS 030 11160 0W0 718.... .............. 908/1`0 *.../00 14

thermal .4.44 3.30...w th.7.33 Soeck (offer.
.;".o III 0,304 00309 0,41 718 S99% A99 to4 94 00 703/411 40 3,8.)
6304 3, 3014 40 1301 4 047 9011000s 63/1,74 (03A833

.31 , ,98 9804 , 0. 1 we 391 0,1 934014 S180 IS 8'00 3.3 38

.3003 ,0 300 840 0,00 440 4640 14 0,0 40/0 .. 4*3,30

1330.0 0,0 3,0 )lt 874S 0.,800 440 4911 384 0,41 1 fg;/449, 400a 1.04 0.90
134M0.3 0,00 3,08 010 0.100 8008 0 0.33 6141614 ./. 41 .3 30

.340.) 0,30 3. 00s Sa10 0*00 M 030 8030 390 0.0 i. 43/14 40 3,0) 1,00

130001 Is8 1,0 30.0,00 048 109 43 0.04 8089 / M8,0 04
M:80 0,0 3,0 MO00 0,800 148020 0 San4 71.- 89 0 40*0 1:0

1100 01, 1: 3.431 '49,00: 0,80 008 808 893 'a9 04500 049/468 300 too0a 0.99
. so0 1 0 .01,0 4000 0,801 138 4100 403 WAS, 38/8 44/314 90 .9 0.84

:$10A 4,0 1307 44941, 04 4840 43 0,3 111614/00 z/- T0 0,9 0,98
M3s0 N, ,1 4490I oo. !04 :11 418641% all) 0,8 loil. 04/38 00 3,06 3,04

too.00 30 We *3 41.0 0166C.II

4Trianoum3..viy 1&4.3ev$%all 0. 04 34, SAPP1140 w3,0&p. 83.. 3. sisa leso .n ota$ m..ome ho~r seosu.... 443.8.... voters

sample N.0, V "i ... lklikoslo. Rate,3. .8 Dose ri3003.4ofMail"44300 P30450k8 G~oleata

H"'.1,11A.1 4300 .0 03 01134004 300416 88 13003. u83olly, uniform 308..o~o temad. in .0404 146041

14"0 064301 110 838 01.308311.4 3030 844 lueeou.0 olaromloa, ..30. molliuo
.00 S140 As 3O Th. skeek 4 00.3080. 383 30981 arsti&Mieet thermal shook of3. disk .w. by %AUOrINmalti3330

:711 4140 .4 30 0.00W034 8800 3s spalkI.O s.vla. 1114111613343. liteactivity

.30 9430 040 004 
00 3

s 40 3390 rapd mltin~ g 4.0 r04.0.3..

3000.3:Iso 480 s.40. 0 peckled frost 34.., vaster appeared homter then edges,
1.3000M:.3 4830 am400 400 isutial oxide lorea33s 0333is spats. tentr ar still .03 ppasesl.

.3000. 003 1 0 040040300 400 g0 CeONIO care, 611148 breakigOff .3304., o.. m.3"I .3.400.O asde
I30. 4/W3. 014440 03.,u 000 speckled frost. face, tenter core hotter than40d.es,

.14M . A 498, 003411.1 400 Initial oxide breaking .33 front late.
-140.) 11040 .17 80 Oidto 0lot. 400 *0 gh meltin w of3I. oxide lav.r which Appeatred to8 be arely

:11114.1 0910 0*04Uli 400 UP,4. A403430y, hatter* center ae,
.30. 03791 11 1 41 010A41030: 40 4 Will803. .clly.
.3400 8400 .14 03, await30 300 go3 Pro-oxide flaking all sides, odd* melting, 0.40*500

.3700 4840 39l 349 Molting 9 $008 0.30. mailed, burpn*4 .11, mate0rial malted.
11M0A 4008 ... M.. 161~ 10 ... Oxide I toied, b41.0.0 .Uf. 1011.0343 m.33014, 0.330311
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TABLE 3

SUMMARY OF ARC PLASMA EXPOSURES OF ZrB2 (A-3)

assailsd me.Cod Wall ayad del
Em0oin N 1ah 4 alt.6. Norml lml~ itHoet Trampfe Heat Tranvfor

Effltomm.0. Wel, 'O, eDTU ___ Bt) Elsac.1 C0411okftlss Coefficient

Lb rg; 6 hT a

.66 0.2 11? 0949 , 600 to2 *60 0.0 1060 a4/0 1.0
.461 ~ ~ ~ 16 0.010 900420044 14 0.4 602108 'l2t 1'04111041 160 e.ta.1

.070 0.0It 1.01 1010% 049 3148 4" 10 V79I 0.12 1060l100*A 10,411047 1600 1.1- 1.21

.06 :041 1:011 466S 0.490 40 0014 M .2 10,919 710 0.0 00
to46 0,0 1. 070 4,9 71060 M *00 0.4 107118471076101400 10 ,7 11

:1111 0.001 k.0 f0140W 0.419t 460 4461 0 I'I 0.1 046l1041 1000l.1040 1100
.l0R* 6.0 0.00. 90)0 0.49,1 4000 419 1 0.4 10451104, oil10* 16* ,3 10

-0 0 .0,0141i4lad 0.4 a, 00?o i00 160 0,6* iota01I010 1041 t1004 1600 ,7,*
.0 2 .0 0,011 1$476 041 000611 MO 2 Is, 1 104111061 *....lI01% 1600 606 14

.6lRDo), 016091 0,491 "it 0 11 0.0 10060.021* 1 61 1,6

.601 .06.0 "4 ,04 1 a, 441 u104 103/7206 114/711 66004,0
:14 00 .0 00 9,10 al10 10 0,0 211106/I 711/701 00 61 11

4 4 406 0: . " 1 .411 531 6 0 .,T4 1 t s4 6 0 l i e. 0 7 0 6 . . .04 6 .0 0 0 .9

8106 41 0. N404 4067 Is9 I'.4i 717ZIG 060 6.0 0
.60m. if0 440 2103 0. 43 400 "G 00 *3 .. / /20 000 k 0,0 0.91

.611. 0,40m Is1 B,4 e 01 038 66 ... 6 Z .. ...1. 00 1:010
Be6.4 00 ad 010 0.404 660601 00 . 96 90,7

311,11. :3* 8.1 6.0 Us1W7,404 044006 41sesW 0,:0 6.. 000 1.03 1.04
Ism1. 0.I is0 A 6117 0406 14 606 0.W 0.... 0*:24 90 41.0

.064141 0.09 4.93 use064 6 06 4910 so0 0,00 40/0 .. 1 00 ,10
6461 8 0.16 1.04 130 0:649 04 0 06170 34 429/100 ..640/7 600 1.00 .0,9

.461 *.,I 6,1 40 4049 0610 X414 404 0.00 .404104 ... / 0 4 0.90 0,.0

oorfael ,I *als val~eesa be N. diW tar olrem.tIM fir 916F061461 relays is.length&Igor stationing
.llommeoo uennead by.lI.t.o ee l l~ac diameter .alkple.

smple Hal 2 1 mW ARE Matrý4 RAWa4te 6j0 baaotrillo, ot Motion Picture Film Coverage

be6 4061 4 Mo,",51 100 010 bolIde Maelda. 111 activity, law ,vamid drops. ovnawibok
.1704 116 .64 0. I .f. 1140 6 oi xd,1

.g06. W47610 004 6e0o 9 4060 boehldo Meleluin
3046 Al90 .6 9 Oadt 100 *0 ::li molting, sonbeell fatrnbIilof
.036 4016 .7 6 Oa11flletae 1000 do ac 6.114lid, ttIle activity "aled

.0. 404 0 446 Iidis twoa. I40 46 l Gnfrom alaln ar l abe

.3 464,0 ... 07 Oxidation lIG bo07 Uniform Oxidations, litsl irtlillO
sit ami0.d. 4 Miuking 1464 604 lifltWitIeidftl~ 10oll10wed1 by Willarm Moilotin

4:I 00 Is llm 61 v10 m~rmmllaapid recession

.0061 4060 a I offidateml 160 Ho w41aid$ piper developej in center.,given peak 09 groat Lace

" "IMS46 .19 60 Oxid~ation 68090 t 60 a,5~ activit , "WiiellA aran.0 . amicod..
.0061.6 420 Om~dolsa 000011 0  gavella edge@, heavy iOwde fiffakd alf 1prtwe ~

IS.,01 4610 Ovidatls 000 Writal oxide hroke away. maa xstewsa. farnms aid brake away,

-6061. 4040 44 Oxidative 0oo GO 8..bsa,.t fornmed. slight slelalag. he farshor fi.shig.
.616 416, oxidation 400 111141*4 o~aa leremoo..

".601M.2 0660 WdOO 40 .5taXbrake away, Milking aid esumbaret Nrarmalla followed.

SIM-$. W60 .4§ 19 Obdiolim 000 79 Oxide brao. l 006, .56.16* rialigend daaboarst (orMaLilke fallawed

::4M : ' )W6 0N44000. 000 OahbarlolO farrme~ies, 611144 Maoslting
.461* 4096 aINA46 a 400 LAIlIe activity.

:a.)411 44 2 9 Caddain 1 400 9 Hle Alm. aivervo..
101C 400 ... 33 0.1da.51 660o 00 Spekkd elrl osomeaid. molllstg
Abic 4470 ... 64 oulddeatm 11600 1! 514.1 Chipping Offid Moilkig off front Ida. givieg mottledi

461C O0M ... 604 me"ha 04 tale Rases Mk".61.atdgs

rae. aeseatroom 66" 0104183 Mlaslem aa linea, beal.,
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TABLE 4

SUMMARY OF ARC PLASMA EXPOSURS . O" HLBz + SiL;(A-4)

Mate.ial Cat uta3ted Temp rature
Sample No. r 4N Ratie T(CALCI T(3OB)
A.e..,d , rlac e npated Cold Will ray and 3iddeilF- ruitt~nc. Mach P. is D qcw T [aallt CN7ormal Initial Final E mure HMet Transeor Heat Transfer

piS3 , *tm BTU . OTU OR BTU LA ittr ¢!5 C e.efL WA*l •owitt-

•* ob (milo) (mU,)

111%• + I W (A-4)

1,M 0. 3,05 39l5 0,501 170 3910 01 0.41 96616 908/6,0 1830 1.44 1.38
.zM 0. 08 3, 00 0,503 670 5480 301 0.49 999(675 964/641 1130 1.30 1.08

-3g 0.31 3.09 600, '1s 2 910 .080 1060 0,40 9091674 610/177 A39 1.09 1.0,

-4M 0.36 .. 08 . 1. 0 0,5o0 . 00 S620 Zo3 0,43 99/414 $07/I75 1640 1.14 1.07
-3.*IM 0,42 1,11 6341 0,477 935 6401 190 0.49 1108/776 h4alS0, 1100 1,03 J,00
..31 0.31 3,06 S436 0,46? 5.10 )630 50 0,71 1107790 il11/787 1130 1.41 1.41
.2.)M 0,35 1,05 3I'l 0,474 680 5350 393 0,54 3309T771 944/639 V330 1.16 1.1$
.-.41, 0.38 1.09 1 s0 0,47? 930 0490 130 0,69 31331707 9471600 1300 3,4 1.09
.2-.m 0.38 3,009 V31 0,477 100S 6370 434 056 11031770 5341211 120 1.05 1,0o
-Z-6R 3, $, o.003 11400 0,471 506 5650 371 0s46 11021780 11171167 1800 1.10 0.95

3L-711' 3. 0,026 17040 0,479 610 0160 3SS 0oo 11091791 1116/76?7 100 1,16 1.09
-0.83 . 0, .0,037 11540 0,478 700 $940 408 0,70 31031781 3087/738 1800 3,35 0.91
-1-3÷+ .1 0.013 #930 0,47S 403 0140 all 0.64 13106765 1113/740 3800 1,14 1.01
2-.3.Ui 3,. 0. 03 71SO 8,488 0 14 1540 09 0.80 30991773 11001710 1300 3,55 1381

+Transmiaiavity Jotter equal, 0.8 for espphlre window, 0FimAl lallt% le basedo i meIauremeaprior to 6iOeSleli llthicne•s

re ngth alln t a er tlag.

Materawi T Gross Material Degradation Litpoe * eueng*n
somple No, OrF AV+1loo Ap.6O1O1o Mode Time RAte D04 !01.on of Moll.o Plctwr* FLMn Cuwtraie7--7 'T"- • ace on."0 m. mie

onm
13381 4 SiC (A-41

-1M 1480 .4 6 oxidation 1830 ....16 surface ant~lty, liquid bubble@ at edges
.14M 8010 13 31 Oxidatlion 3110 .... 131 iiqid Oxide folnnlion
.] m 1430 389 197 M alting 139 1.... 1Si liquid olxid,, oa poile melting
.44 3160 459 469 Wll + M.43 3608 -... s IM lqldd oxide, aiohorat lormaitos. melting, me

fl9nIng 1f1 ol oside
.3.344 0041 360 171 Q.ldatian 3308 .... 444 initial onide meltaIng erosion at angle to Lace# solid

oclde toiled
-3.34 3370 .4 3 Oxldation 1330 .... 13
:.3.04 4790 161 13. Otsidallon 8380 .... /1ll ilitisl oxide melting. eroslon at angle to ace, solid

solde tolooed
.1.4M 5190 345 Lai Oxldalion 1030 .... /ji holmed trot lop lewasd bottom. liqcald oaide, eeoeoion

al angie, eiburelt lolmstion*.$41 3130 169 509 Malting 380 .... /1435 .apid oxide m."liog. ftlellOt at £58i., altarl

.2.6K $390 -15 31 Oxidation 3100 .... /3I

-3-11k 13100 -7 34 Oxidltion 1800 .... /14
.3.8iKi 5480 it 43 Owdldios 1800 .... /40

A3-.9 4640 -5 33 Oi d"lal1a 3800 .... /03
-101.03 000 0 3 3 Oxidation 3800 .... ,10

itfteeslon rate cuaonrled to )0 minulte oan lionr basi.,
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TABLE 5

SUMMARY OF ARC PLASMA EXPOSURES OF BORIDE Z (A-5)

ialculated Temperature
apletrio, . N Ratio T(CALCV/TIOBS)

Asmted te ourlqco Computed Cold Wall Fry and Riddell

Emlttar'. l Mackch * * 1 . a l Radlition Noa...l nriltiaL rial, Exposule Meet Tralns e a i-t Trara(N*r

aet t.0. N Want BTUA Lltaee th, -Tme Coefficient Coefficienat

"It (tasc 0b4 Was. (MII.) (milo)
DoriA.l Z (A-I)

a .0.60
-AM 0.30 1.01 3660 0,4" 370 45IS 116 0.15 7z3/679 7LS/676 970 1.14 1.16

.:1i 0.54 1.19 4141 0:41090 ..... 194/170 -... 651 It

.OM 0.30 1.06 3005 0.481 410 4407 ... . 674/439 6.0(617 1630 1.14 £11

.4M 0.30 1.00D 0000 0.490 350 3360 39 0.44 700/663 70S/, 6 19 30 1.40 1,34

.1Ah 0.34 1,01 0 070 0.4e0 7 5605 10 9 35 0.77 736/690 -:./:SOS 33 1.06 1,06

.44t 0.41 1.11 4675 0.465 4W 50 331 0.41 719/490 .... /6)03 40 0.0 1:04

-7R 111 0.001 12140 0.491 519 5140 359 0.76 10371701 761/469 1600 1,14 ,0i

. 1l÷ 3.3 0.01 9300 0,46Z 040 41650 £11 0.3 11"690 10SL"M0 1£00 1,:3 1,19

.' 0.0 0.41£ 104 0, 3,4011 10.00 40 1.00 10k36k/61 0371 £6066 0 0 1,64 1.61
.l 1.. 0. : 0.031 144'0 0,490 701 1610 Is0 0.i0 1030JI97 5301210 tO 1,21 1,09

-10 .3 0.017 11?00 0.46% ) 9 1490 313 0,73 10171697 104S/--- 1100 1,01 0.96
-1 )3.1 0,001 13160 0,490 $16 1335 306 0.80 £020/470 1!DS0... £000 1.07 1.0

TIrlhaalmelvily factor equals 0,6 leo sapphlre window. + rinal Loer.ith ts based on measurement prior to .ectlonln, thickneoa
refers to lenmth aLter sectioning.

Material T , Cross mdaterial literalistic Eapeeure Ratetselp'l
S!lMeL No, Or Receahlon Re.Oceionl mrRateMod. fi. Doecriptlio of motlon Picture Film Co.vrage

A ff-t mite eoc

Bertdel z (A-S)
.1m4 4051 .3 3 Oxidatiotn 970 4 little o.idotlan

-am III 1, Shock 1 ... l.omedlate thermal shock failure

-.34m 94 . th e 1h30 00 little Ooidatto Ii
AM41 3930 0 4 On lotstto 1630 4 little ooidatio

-Am 140 18116 Tkhock 5S ..... opecimln crWed, liqoid oalde tar-ed, opallaiaa

.6M "so1 ,-- I3 Th, Aback 40 .pecimen crWaked, liquid omid. formed, atpllioe

.7R 5170 349 134 Oidaliol £100 134

41. 019" .30 10 1oidatlee £680 £0

"RK 3640 -1 10 Oxldation £0c0 10

.;l1. 51I0 600 417 Melting 100 8770

-lof0 0010 ... Th.khock4OWid 1600 ..... radial crack 0/41 fom le.e, little ctivtly

.£A$ 4675 -34 ... Th,8hoktOxld 1600 .... 1-.. thermal A-cb of lrant face on heat-up, chipped eon.
unilormly, radial crack 114" Irom front, little ctilvlty

eftcee siora gate s converted to 30 minute s On line al basic.
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TABLE 6

SUMMARY OF ARC PLASMA EXPOSURES OF 1flfl + Z0o SiC (A-7)

Mdatoerlolqr o

Simple No. 0r 7C loated TomporaooeeAeoomed P I q T Surface Camatod Roatito T CA2.LC/T(O88)EmItan 1.4a61 a a C ow Radiotion Normal Cold W ar m and ItLddiolat k 0,66• No. atm 00 Q DTU 1.t BTU Littl.ttoce Initial Final Zjpoeour Heel Tronafot Host Troosfor

HIB2. I + O2v/o SIC(A.7)

* .0.60
-IM 0.42 I. nsa 0.480 020 136 0.46 S40/S23 .--/413 56 1.02 LOO2ZIA 0,36 1.08 3055 0,480 2I , 5060 024 0.60 535/520 --- /363 1740 1.16-3MA 0.39 1.09 2970 0. 488 665 6055 316 0,50 332/544 ... /4444 200 O.ao o,-3MB 0,34 1.89 1970 Q.448 665 5005 198 ,7 ... 400/3 1600 1,04 0.934M 0.16 1.08 5200 0.480 73N 5340 230 0,60 537/536 .. /309 1800 2.16 112.534A0 0.13 1.01 N0t0 0.415 615 6405 015 0.40 9336926 ..- /--. 50 6,9.1 0.$6
-SMB

0  
0.13 1.01 5010 0.4.11 655 5490 011 7026 - 110/640 1750 1.09 1.00-63* 0,71 1,34 3390 0.430 750 5095 246 0.03 912/909 849/81n 264 1.0Z 0,98.7MA* 0.15 1,O1 6210 0.431 740 6595 318 0.36 916/921 ..... 50 0.9 0,90-7M48* 0.15 1,0i 6210 0.431 740 3560 57 0.13 I -- 590/539 .750 7.13 i,06.Z3341 0.33 1.06 4380 0.429 627 5420 009 0.51 3922 9 ./... 1800 1.07 1.64"M03M.1 0,33 1.06 4550 0.409 561 5470 214 0.1 ... /.. . .. /... 1800 1.06 1.0L.034III 1 0,33 .06 4530 0.429 503 5500 212 0.49 1800 1.05 1.04-M3M41 0.33 1.06 4370 0. 49 6003 700 250 0.50 s .o... 789/72 1Z4W .0,36 1,07 3980 0.427 350 5170 139 0.589 693/85; ... /.. 1O010 T,00 1, 7-241411 0.36 1.08 3900,407 053 5365 233 0.60 . . 1800 1.04 1,0'-24M1U 0.36 1,07 3930 0,427 561 9400 226 0.57 /870 1,34 a00.24101V 0,36 1.08 3950 0.407 $71 5365 414 0,95 I'll 770 0 .-2512 0,24 1.03 4890 0,426 498 4945 169 0,60 to/. --. -300 13 1,6

0:6,0 
', IfS , Ii:*1533" 0,27 1,04 4700 0.406 905 3050 156 0.49 4--1- 1418 1h1 1,10.29M1I1 0,8 1,04 4960 0,426 480 5215 193 03 ./ 1800 1.08

1, 1: o1 .o o, .1'
-21M2V 0,17 1.04 4910 0.426 495 505 090.9 .. /. 180 of0 t149-2SMV 0.27 1,04 4610 0,426 496 5435 197 0,48 1-00 3.03 1.01.254MV0 0.06 1:04 4350 0.426 513 5435 211 0,51 I-. 1000 2.03 0,81A S MVI1 0, 7 3.04 4780 3.426 SI0 5435 196 0.46 •:/-.- 1800 1.04 3.06-2MVIII 0,26 1.04 4400.426 3075300 226 0.52 .-- 1800 .,0 1.02.20MIX 0.27 1,04 492C 0.496 9I18 985 2365 1 ... ... ./. 8000•03341 0,26 1,04 4500 0,426 493 9700 09, 0,5 / -"/. 1 0.98 ,09254MX| 0.3I 1,04 4900 0.406 403 5710 260 0,50 -'1 469/332 1800 0.97 0.38.30old 0.25 ,N1, 0 30 0.437 587375 16 0,.5 66661. 52/123 1800 i,0s .. oa-. m 0.15 1•.01 550 0.408 487 4690 110 0,50 686/685 --- /00 all00 2.23 2,3.iu 00,1 :.0Z 5040 0.408 618 5615 253 0.34 687/687 1 76/516 1800 3,07 1,06-569, 46OZ 0 640 0500 0,437 531 4370 8. 0, t.299/107 . ."/q4 3Q81 3.23 1.16:47MM 0H21 1,02 1640 0.438 493 4205 60 0,93 690/40.5 "-'/3950 1080 3.28 111.40M 0.26 1,04 4390 0.478 495 4665 125 0.56 6889/96" " 1800 1.19 1,19-41M 0,07 1,04 4400 0,418 900 5000 ISO 051 607/39Z /0 1800 1.12 1.10"44MS 0.06 1404 4360 0,437 491 •250 36 0,69 104/93 684/91 1500 =.73 1.71453 0,29, 3,04 4380 0,407 0 4 522 34 46 0,78 0/395' 690/395 1600 1.6a 1,61Pe..oidilad *Oinil6oe 

F istl Irfith •rel• i ii Isc •, ttlt 04th prtior to etctiolangi thicl1.atee rotor#to COl~gO ofnlt.ndi
0 , ti.1a tt d.SNoon Ia io~dipih I Ottipi-Lrotor.. Itwra or noito 5181300,

""M Ite r l" I 3 Gr o a n M a te r ia I D e g ra da tion E : i oa urtie uif to otl F
351001 No, r toe y dreao od Mlitt.

__ OT•y- miv e Mud ..... Rt .... acn....o. of.. Motlon Pi F.. tO 0m ( ae~eP
'I. enY ntn-. - ,

H7b102 + 00% SiC (A-7)
.IM 5•79, " 110 Me Iti 56 13 Sd 1
"-1M 4800 I M 0!o. 00it 6ormed, rapid molti ng "lid",al o

"'" -~i Mo -d 1140 162 Graadoial h~e~, r11ic N~tl~." hkldI•8~brl-SMA 1 595 --. mt0 TMilinM co 9500+ Su'boest lomed, o3-do I1rltltol,III30 4745 . i
9

1C1idolioo 1600 910 Ioiidillttd sooboeirltlli chia" ,-4M 456 .* 027 Mai1, 4 OCld. 1800 0.1" Rapid melluhao, mulifdlird in sshabrlt, little oheglie.W3A 40. 9454 " " Mrlitno 0 RasfOd inltt•i, rapid rec'aloo.*534B 5030 29H 2;6 OCd.atico 1750 068 Solidiaid i eunbrt,.6M M5133 6! 90 Cot, M ellt. 264 668 Rotating and olbrui of 18tmpie, t gaide o eliht,.73A 6 135 -...
66. Holtng So Otaja d toiar*. - ftepe o~no.oie e'"S

7MB 34 100 36 3082 Ot4datioc 1090 192 Solidified Ill sioloiorgt,-033M3 499,0 ". " , Mel)t, * Oxid. lgoo .apid elng aolidh in. littlt otilily.Z3M14 5010 C.. ..- Coidillo,, 1600 iarid ttloom.09 dra -13M 5040 ... . Coi 8 "-i I fron cycle i,.34314 3290 134 190 COiioo 11148lotct front ,yc+: In ill, eIrO ooidr t hipped a.ay..- 4M. 4010 ... ... Molt. + OtWd, i0.ro Motinga, l-iOdlfieu in .boos•.br, little -ctI.tty,- Z4MiI 4905 " ... Gal I' ion 18001O. l.l rc It" ,•yA:I 1,.2414 49o0 . Ox. idaio nI1 oo 8... 1.5,10 fr... cyol. H.0410 493 10 Cldation 19a ru cy00 I 333.031 4435 .. 1! -- Me It. + Cool, 1800 .Coitideenblr m sling, *oildflied aftear nvaral otlitoits,-02531 4630 " ... Molt., + Coid. 1418 . Ioido me6tllti and .. it*opingr, eubunt Iorm.d, sol.. oalde mlillil1,
.a41111 4715 ... --- MrIl, + O wld. 1880 .... gmtr behawior 0 I 15138 II,.23419 4930 . ... Coidatior 3800 Slight melting and pa4lilai ofl olde, little th6088,.25MV 4975 -"" •-- Oxidetion 1800 .. a. No oh oe lo IV.-233455 49307 .. Oxidtion 1080 .... Slight melting and e trIl of i 08188 llttla ohanle.25IMVII 4975 ... "M" oidetfon 1800 .... No r1 a ol oo tr o I a VI,-25'MVI3 1 5040 ..... 

No chaii1R from cyiin VII, oxide bcIidap on ides,-2SMX 5509 ... ... 
0o11ihdi 0t me llath linod chipplrng of .. 1d, fI . date,

""531 5t *- Ooidatloo g000 .... No chansge fot o y~io 21,.03MX4 3130 496 - g9 oidaloo 1800 53 Sl.ht toti0 of ooide at adgee,-303 4915 344 343 M alt. 4 0ld. 1800 343 Metllalg aoldiied in Ia. aboea, omr e 8ht oxide l tio8 .-S|iM 4190 .. " 405 Meli, 40xld, 100 405 Slow mo.ltin, anvnttiialy solidlled, eunia oixde melnIrs,.32M3 9155 13 171 deh i. oxd, 1800 101 Meitiag, s/ lidiled .1t enraloro ,-Tm 363 3910 ... 13 Oxa•aionit 10ot 22 )lot spot I3/P diem. at n o.a, !Ile toio i.it,.3744 36 .. tO Ooiat:.oo 1780
-403M 4205 ..o 4 Oflation 1800 4 Very alight oxide melting pr*e& crom *dgea inward,-413M 4540 ... 62 Oxidation 18100 612 Slow onlde maeltintg frob adoee i..ad..443MS 2790 0 0 Oitiation 1800 0
-41IMB 0689 0 CaOidatioo 800al 0 Little viesible,

Esltimated 
£a to 3 0

"C4unlrl-ld 3o 0 mrnintit. o. j kin.-l beat..
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TABLE 7

SUMMARY OF ARC PLASMA EXPOSURES OF HfB? + 20% SiC (A-7)

as "wuNo. qr 04 Calculated Temp..oature
Ata I T Igr40t. Cornplatrd R.tio T4CALC) T (033)

need.tA~* Mnk * * I-to Norm.al ia4p. Col W.4 Wal ary a.d Rilddell
as 1 0.6' N4.. !tt. BTU yj, BThU _ZBU ______o Iita T- isi raat

Als 301 it salA.7
4 20 0.60 . 7

44111 3.1 90.86 10710 0.4310 547 350 26 0.41 1001/646 -- fill' 1,0.81
. I33 5.3 1 0.0 N 0:004,18 047 3It. 37 0.40 .../--- ---.. / 00 --- 70 4.70

III14 a. 0.0 IN"4 0. 43 '4'7 10 49 0.0 53 ./A -... /. .. 400170 07
.24.11V 1.2 0.080 40600 0,400 447 378 09 0.61 .../--- 1000/68I MO0 I ,y i 4.49

.1711 2.3 0.309 73ZO 0.415 00 $455 76 0.40 4001/46" ---. 4600 Is4 .14
.?An1 ). 00070.403 604 0440 224 0.04 ... 4A ... / 1600 1146 14.

.2713144 3.3: .1"911700 0.40:1' 604 $370 343 0,04 ... /.. ... / ... 00c 1.17 44

.2733V a. 0.9 7150 .40 096 0340 340 0.4 o/6 4,7 .0
.00. 0.3 0.046 *03 a.0 419 30013 IS 0.4 1206/sg, .*.. 4300 :.76 4.713

.054 . 00.6400" .437 409 5660 341 0.40 ... / 6017 460
.0141N-n 0.3 0.073 40300 0.417440 0400 013Z 0.00 ... --- / 1600 ",0' 1.69
-34;UV 0.1 0. 073 40000 0437 496 36440 60 0.00 1./ .. 0004,3 .3
.26KV ,3. 0.07 40000 0:4Z7 4I3 04110 436 0.40 ... / .. / 40044 1.49
-2.061 3.3 0.70 4000 .47 496 34 Sim 0 0.44 ./ ... 804,3 44

.3KVj 0. .43 40 .0749 3 6 04 04 ... / .. 400 ,? 14
.36KVI1J a. 0.46 40470 0427 490 4440 402 0.00 . ....- 430I.4 1.13
.34114a 3.3 0.66 4004 0.4c 7 4417 60460 Ise 0.30 .. 4471 1.02 4.04
.2431M 3.3 MIS6 10700 0.437 43 9071" 77 0.03 ... / . / 400.66 460

3oK3 :.2 0.070 00440 0,407 493 S490 111 0.30 ... /. - -. 432 0 1
11-3101 33070 060 0.41T 440 0370 124 0.44 ... /. ./... 1300 4.47 1.16

.3634504 3.3 0.070 9000004Z7 440040 404 11 0,4 .. 4140/44' S 440 4,4 4.40

.0931 0.0 0.400 735000.417 043 3470 47 0.a 40/7 --.-- 4300 170 470
-39300 0. 0.46 7010 0.427 SIB 3700 44 0,47 . -.. .. /. 30 4,66 1.6b4

1031 0. 0.447 75600.427 541 4440 V0 0.430 ./. ./. 1630 14,40 1.39
.293.44 2.32 0.407 4840 0.4071 $40 4760 170 0.70 . .... ... /... 4300 4,0 )1 34 1

.3 2 .3 0.447 1"3000407 004 4300 a3 00 ./. ./.. 40 ,3 44
:'1.30393 3.0 0.44f6 7630 0.437 004000 9411 0.46 ---.. .. /.. 460 1.7`.6
.191t3 0I .3 0.4416 7600 04Z7 447 4940 470 0.66 ...- .... 40 ,7 40
z39KVII4 3.2 .0 7700 0,407 000 4760 403 0.60 ... -1. 1300 4,0 430

.00314 0.3: '0.901 74$40 0.437 064 4740 334 0.69 .../. loco- 440 1,34301

.3030 3.3 0.160 706O0 04,71 047 4760 404 0.0 -... .... 304.0 44

.430 . .6 00 0407 "0 4410 14 0.6 . .//60 ''.. 417/04 440 4.41 4.4
.31t 3.0 0.40 040 0,o 3 00Z 40 707 .407/60 070 44 .0 40
.04K 0.3 0.469 6040 0.43g7 700 4460 19 0.41 IZI9,'920 124Z/689 4300 1.0 4 .40s

.343 0.3.0.46 .030 0.4Z7 794 0010 270 0.00 1224,01W 931/606 90 1.17 1.1

Final 4, ~tih wlt. ri to intleuremvnI alltr ivopuur,, tilckness olorst
to ilcti.. lc.044h.

Material T r~ Mann.:: I I )vi-.rdi~on Eopo..... Its, -..lo
'apeN, F 0... at " ,,.,rn Md I'4. Rate4 Dpicmiption of Motion Picture Flin~t Coveraie,

111132.4 +00% SiC (A-7)

335 343 ... nito 43 L,. I edgi. Brew hotter throughout eu. At

26'ki" 32 0xidation 4800 00440 sidehttt,, Ichor. 4r44 4I4 Odg

.304 30 0 tic4, 480 . ~ LO 14' 6,4.lt.to00 a..- 631V 3335 4 5 0x4td. 4400 No4.840e po.43
.070.4 40909 . . 0 itill4u, 4030 --- L' ht o03i40 cyc -I@tII
.070.0 49040 . 0.14444,, 4300 ... No dhana, 4f0om cycI is, ligjht oi.td hlppio.j
I 7if4 4910 04d Is ... O4to 40 No 410080 fronm cycl It41
.0734 49000 11 1.0444 400. No o404n 1. "y"on ll. 44

.2011 3: zoo440 140 U nfotti heatinlos,'! ac'oltiy. ado
.3434 7404190 ... 0,041.440.1 4600 unifo0rm heitinga, n. *Put near ,I. edi-d
.1.11V 430 .. 004444i0, 4600 ... t~~t ode00 do~reg, pst.,o
.33KV 4710 Oxdto TO . 00440. 40 ... 0O44000 ato. of frocit'fac.
.34K VI 4030 4.1. . Otloln 400 Intic4.t front cyo. 1, 41040 activity.

.33344 0.1 ... . . 0'.:dto 64 Some .. W4. clhipping' 444t4e activity.
.104.V40 400 .. .. 004444, 400 In lt.i frm ,t

4 
VII.*t4 .- di4444o00 oa.idatioo

.06.1 4~l 4900 -.. i. . . 01440 479 ... ntacl 00,40. cyo4.I Vill, 4,444. actliviy.
".OCK3 33 00 ... Ooidn~on 4400 .- Mo. t .f,04d. 6,l6. o11, patchy 0-44. forotod,

.. 0K4U 04 -. --.- 044440 430 1:11 1,4. f2!m oye'll'Ifil'atild overe .4.st of 40cr..3IU 4:1. I4 40 0,444440. 11400 Sam. 004 b.ok. off, 44444 It 4404444
.3951L 3010 Oxdaio . - 0144, 60 .. Little activity, uniform elt 4,044.
.00Z1 3000 .:: 1. 04444 400 Sligh 04446 604 ap4t 0044l.,

-39344 H 0090 ... 00:121":. 140 Ho04 spot mo0re apparent and groming.
.0919R 4300 -... ... 044da4ion 410: 044 00C40 O40d4 -4 facripWe

.2934 3790 .. 19. 0144. 30". Most of oxid. .ok. off, spo44ty .04 .Id 4000

.193444 4060 5 . ... 004400i 40 - d04.13.04tp.4.
-093443 44S0 Old tio is 0.4.4. 440 .-. 0. .044 6006. os.urfaeno.onmuifuoioty omtO~d
-19KV044 4300 .. . 0,4.".. 40000 IS= o.I .4.,06e.9oi, o~rf... climnif-lorotyoudn
.393114 430 ... Oxiaton 0law40 4--- a .. td1i. broke oIL p, heavy :,id:on0 0401

1111.14 43154 ---- oxidation 4600 ... 4o ,,44o - 0d. br4ef,p hovio d,4 relood 044 4044.

.39340X 3000 is 49 04444444,, 11000 4 0044d. br, wamy .4404 tiltloy' eo~e of.)-I.
33 300 0t 0 4440. 14 Un Ioto k,& n~g, 444 ofly

04R 10000 -43 31 0,1dat4.n 42 00 146 slight .04 ntol.ln 04 "Alge..
.1K 30 230 340 Meltling 4 6300 rCp.44  hingo. and r00ln

*Connvtrtd to 30 mfinO.s cot, a lnear basis,

7,88
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TABLE 8

SUMMARY OF ARC PLASMA EXPOSURES OF HBa + Z0%SiC (A-7)

Materiel
S.aple No. 

9
e * N Rato T(C IC t3Q58e

Assumd Sorface Computed Cod t o. aud 011$8
Emittanne TMoh P B. 

9 
u Radiation Normal Initial I loot E a.o.ovm Ieade alnaelr Heat floindlde

at X - 0.b6o No. ntL .,. _ 7 k 0U R 7TU Etitmonce t I,,* Timsn Ce.fficIl@nt Coefficient

:1:1: c:A7i 0,3797h4 L MW I?. h 1tat Tr9nsfe r l tTlJse
I ft= *r &1 . ;--.

I18,i(NSC•¢(A-7)

20,60-11R" ,1 .. 1g gO047 491 30ý15 27 0.70 "001/?e 17 0 to zO 2,O Z)2
-39 H 22 0, t6 6 40 ,47 4? 317. 34 0,7 994/39191: 9090Sý019 ,0 2:02

:42RR 2,: 1.3 ?14 0 0,43 48 5080 11 0 :4 1001/%-* 00OO9 10001*b 19

72.2 .134 7520 0 ,03 3190 34 070 10O1/O9Sn. 002/394 10oo 1.91 1.08
6 2, 05169 0750 0,440 103 3680 47 00.4 1001/93* 1001/e3 1200 1.60 1.01

-47R5 2 a .169 6190 0.440 489 110 40 0,0 1001/399* 1009/399 1800 1.44 1.41

.408KH 2. 0.149 7030 0,977 492 9000 25 060 1000/%** 10.1/90 1800 0.01 1.99

.490H0 2.a 0.162 6800 0.976 012 1Z08 04 :6 l00I/109 1001/00 ISO0 1.8 1.8S

S-90tH 2.0 0.150 ?290 0,97S 492 3090 30 1001/3990* tO0l/99 1800 .00 1.94

OIRAS 2,2 0,162 6 710 0.979 497 1151 30 0.64 1000/39500 10020 93 1800 1.90 1.84
• 2641 0.09 1,03 4020 0,437 400 300 80 0 ,2 6,0/690 .... .. 1800 1.40 1.40

-11 0.0' 1:.0 4110 0.437 450 4370 12 00 181100 1.24 1.24
-02MI11 0.20 1.03 4140 0.437 450 018 199 059 -- 00 1.00 1.00
-52Mv 1:,26 1,03 4100 0.437 442 4800 117 0:46 1800 1.12 1.13
-5264V 0.06 1.00 4160 0,437 450 5120 163 050 --- •/ .. -- 1800 1.06 1.06
.24mv 0.,Z6 1.03 41S0 0,437 450 0100 102 05/5 1800 1.06 1.08
-szm*.Vl 0.26 1.03 4180 0,437 450 5210 lo9 0,60 1--]-..- 16000 1,04 1.0$
-506MVIII 0.26 1.03 4400 0,437 450 5170 1?9 0,9 6 ... /6 1430 1.06 1.07
.360R1 2.2 0.263 7090 0,437 980 6040 217 0564 1001/93* / 1800 1,30 1.32
.390311 3.0 0.053 8010 0,437 9.% 1410 39 0,61 990/390*8 -.- 1800 2,02 1.18
039RRI1 3.0 0, 7290 0,437 937 4745 199 0 0 .... / 366 370 .44 1.34
-46R0 3.0 0.109 7540 0,440 988 3570 47 9 .02 1001/93. 1019 1800 1.94 1.40

* Final length rtfee. to eimpl. length prior to s.ctionintg thickneos
refer, to section length.

00 No.. to l-dopth lembprature measurement station.

Icateriol ' .. ,m Ge l~ MInt rio I Dig.t tfimatio1r F~Olosrir.- 0I Oit*Stio•

mnle N. Ur 6.. - i" Ko - M-1,i Tie z 0oi.e Dara rlotion of Motion Picture Film Coveropt
-T- -.4 ; .-i

Will, + 20%0iC(A-7)

3380I0 055% 0 0 Otttl 1800 0 Nu activity,
-39'11 2710 - 1 ld;i li-i 1612 to N totvily.
-420 2620 0 0 Otxd.tlio 1oo00 0 Little 'isible.
-430 2730 -1 1 Otidal.o- 1100 1 No a•civlty.
-4603 0220 0 0 Cio. titc 1203 0 141t1e actIvity, hnitc1t .1 1ample-.hroud Interface.
-4703 015 -8 0 .Ol.,tiocs 1600 0 Lile activity, -hrood hotter samn saple.
-4001I 2540 - I I Oxld1tuc 1800 I Po 4, tl!ly,
-4991NS I800 0 0 Oxtloti. 1800 0 No at lvity.
-900R-H 2670 0 0 COidotloc 1000 0 No aolivjty.
-SIRH1 2695 -2 0 Odt^,,o, 1800 2 No "tMivity

-52M11 3310 .. .. O nldottoc 1800 --- Little vloible. edge. bog.. t,. onidta.
-526M11 S910 .. .. Olidatlo 1800 • -- Edge chipping and droplet., oilde btiildop Ironm edge Inwlrd,
-52z6l1 4725 .. .. oldattoc 1100 --- Ovid. milted, broke off, .ow bolting nonlianed,
-52MIV 4370 .. .. CoidvI too 1800 --- Considerable melting, solidified in unlbrot.t.
-.52M 4665 I.. . Oidatioc 100 --- Initiol melting of ooide.
-576403 4690 .. .. Oxndotloc 1800 - -- Initial melting and chipping of oxide,
.52MV11 4750 -- oidotioc 1800 -- ointact from oyoln VI. li. tte at1i vity.
-52MV111 4710 -- 323 Oxdatio. 1400 41 Intact from cycle Vilittle activity.
-38PR 4700 .. . . Onld ation 1800 --- 

3
/9-- diam. hot .pot anilaed at nose.

.090R0 2905 -- - C3oldotIo 1100 Little activity."-39RR11 4085 24 OxCda t.o 375 115 3/04 d1 m, hot apnt,
-46R0 S 1l1 0 I0 =d".1oe 180 I 0tale activity.

Cioterled to 30 minote. oan b kiser halas,

289



TABLE 9

SUMMARY OF ARC PLASMA EXPOSURES OF ZrB. Z O%SiC (A-8)

material
samople No. 54 Calculated Temer~ature

Aissumed p* 0 T Marble. Computed Rali. T(0.AL.Cl/TIDBSI
smittaac. Machi P. as Radiation Nor-mal cold wait ray &ad Riddell

at* ,4 !L. tm 352U _lt ST BTU manittaince ~ ~ tl~Heat Traimiae H~eat Teaaaler
_________ -- ~~ ~ ~ j~ ~ C.UII.I Coefficienti

Z a.I*20% MC(A-6) imIle) (mile)
4.0.60

Am0 0.47 1,14 5650 0.469 800 5975 393 0.49 418/410 Z72/255 22 1.07 1.09
a :5 11 00049729 4041 306 0.49 397/397 234/212 34 1.01 1.00

.701 0.17 1.0 3 0. 0.428 491' 12 0' 6017 6469 16010

-961 0.0 1.03 0330 ,424o 3 SS0 1 20 69 0.490 690/55 i91/%7 18) 0.97 1.43
-lMlA 0,07 101 39760 0.416 440 5009 34l 0.60 s,1/siztl .. I....4 14.71001 0.09 1.01 3970 0,426 24 500 314 2 0,09 ... /... 591/577 1400 1.06 1.00
-lSam 0.70 1.36 3150 0.42 71096 ISO 44 6 0.47 852/639 864/113k 440 1.17 1.15

02 4490 0.426 461900 62 9 0.59 It*/$"7 4..1.76 140 9,4 ,
... .. I539/ I 0 .4 1.48

.ISmfl 0 '1 : 5.00 453. 0.2 1 'o 500 19 0.68 19/u -.-- 0 1.06 1.07
.150133 ... 9 1.0 02497D0: 0.427 02 40 216 3 0459 ... /... i.*.. 1X0 1.0 1.0?M

-IIY 0,15 5.00 4510 0.427 90 69 000 19 0.64 0../4.. OS7/449 1900 5.00 1.05
.171A 0.15 1.30 1 1170 0.4267150 5340 i16 0.67 401/049 ... 0/494 1810 1.00 1.09
:L0mb 0,1 5.016 3070 0.42671 440 000 215 0.61 .754/.. 99/04 1 1.13 1.1.13M1 0.14 5.00445 0,427 00 550 0.1 0.47 560/452 60/7 40 .1.4 0:.49
.01 311 0, " 5.00 97340 0421 450 4720 170 0.73 .../... 706/72 1000 1.16 1.22

-2601 0 1 :0 01 500 04 26 00"60 :0 0,2 981/8117 . - 1/1 00 1.409.9
.240S 0, .1 0430 0.406 437 055 490 69 0.40 3. /3. 4 39.7875 18400 .11

ot0.~ 0,1. 1.0 6 0 0427 008 0810 111 0.9 19/96*0 . .'10 1.4 1. 40.306C0 010 ,0 45430 0.401 3n500000 29 0.7 46/90 490/56 .. 0..7 1I45s,4 010 45 .5 60 57 8 0.4 02032 ... 7 1100 5.09 1.90
.941111 0,43 1,50 0130 0.4176 9 80 60 40 ll3 0.41 .06. 9 100/902 1.0 10,9

.40 0,0 5.0 4629 0.47 8903 3409 300 0.04 6006/294 3649/239 40 0.90o 10.4
-ISMd 0,53 1.07 4205 0.i 469 40 0412 99 0.70 700/692 691 4 lo0 5.13 1.14
.4001 0.16 -0 507 425 0.469 410 4100 341.6 -. /- 0/3 4 .4 09

-ZSM 0 .3 10 20 046U 362. so 0.62 to/ ln*dep00 ta p1.tr 4n4en .t,.v

291045 59111-0 5tOO 10: 42l4lf 162 10410 Larg drop meittal andblwlsf
-201~~~~1,00 9.05 16.41S11* 4 99 Lredos tliged lwn f

.OttS 90903 1.1 460041)O 3007 Mltla 76 790/ 920 Slo/w0 hron0 1apid 1.79t
-40MO 39" 1-3450 0. .. 4"daio 670 59-. Slow 0etop 11ot32 14/171 as eLOS 9
,4"A5 0449 1.07 '650 480 INin 69 35 .40 617 Rai me400.111o.9
-901e 4479 1,07 1S .a 0205 12 Oxdaix 1.50 ..0 .. 224 3 0, 4 0 0e.94n 0.t91oa
Sncse4 i Paco 70-0) gr77it shodwihaltdcm peely~n 40M. 3090 Rapid tmoitistgt ticli

materia T14 Gr.0 mae0a Ondation 1000ur 10 Lttl ortvit
SaOmAl 2650 ocsw .... Maedaiet Tim, Lf ecittle n ofMoin ituebimioerg

.1101ý4 33 0 -01 lA. i n 1 0 146 0 Lalirs act vit,: so e sm lW ow ing off a. ta

W1ZA 4489 ... . Oxildation 6408- Set..et .1pte oar .on ol ettg pAt fogni.
:41VMP 5090 5 3 4247 MelItng 4296071 Ra id eting
.1015 4479 642 13 Oxa4o 174024 .3 aid ltieIt coni nuoausl y
1401 5390 .00 777 malting 540 32Z Rai m alting

.140MA 4440 42. --0 moltalt 5440 O0xetideif.,.d aIt' -iet~cr
.1501 1300 104 Z6 Oxidation, 1600 - 2dge aetlidefii ele.- eeora l t oudede~ yl
-AM15 4940 .. 7. otxidation 5600 7 Wlett acivity. som oxide, melting edat deiu~iy
.19W51 4500 *--1 Oxidation 1600 10 LAo lactiv.irot y csI

MAY 490 ~ .2 Oxidation 5600 ... o Little vitibem y 1
.1701l 418501 49 1 Oxidation 160 tO ltnj. a olidfe It itli.1001 ~ 0 499 902 Oxidation 1100 17 Edges .-ltd smald lled .eoto atnalbobe
-191.4 0229 ... .. oxidation 6600 Saipler lot~ edgee n, some edge tnformet

= 10 1 4240 .3 Z4 xIdathion 560 39 0 Rap y oid e fo m d l wl ro1edent t e

M00 431S .-- Oxildation 57600 71 LoIttledI avitnlly.

.401 4440 42 to 4 ottidation 1600 so Sltidfe I n 8vtlnrt0.0901 43360 ..--- OxIdation 100 8Edtie caticll.-.id ceta nx ie olip .
-3010 29il 440 ... 6. Oxidation 1600 Slgh spei n ctit.1 li. etroiie .I

-410 999 934ý 268 Mexidls 09 983 Locarge dropsmetn ad cy loe i III
-4.17m00 t 4S Oxide 40! :190 Rapid melt diing, er. chnunk. li'of
.Ism1 3449 .96 V Oxidation 1400 Z7 ElgWId Small ~ d a.sM bobblea.nfr loteg-43015 144 3 6 Odxll 40 Ha120 Rapidos m a do malig

O1oveta toai~ 3011ut oelee'0be

420 4 xiato 2Hev oid oredsowy rm dg.t9cet



TABLE 10

SUMMARY OF ARC PLASMA EXPOSURES OF ZrBz+20%/SiC(A-8)

mdaterial '
Noea.d Bart. Caotetedpated~t-

E~it~n" O P 1. Sur- CmpCtdld Will Fey and piddeallEnitan. dah .D c T Radiation NoIrmanl Initial Final Eeoposaor Hoot ?-raner FelTaeoat k * 0.06s Nto. elm _TI JvjJ _11 ai TIS E ittano. !gt d tn i.6' Time Coefficient ~oefficloeit
(toilel (milal4

Z'110 & 20%6SiClA.61
I*0.60

1I6RI 2.1 0,159 6750 0. 427 452 4760 49 0. 20 iott/688 ... / iS1.23 1.24-161 200119600 0, 427 446 t 41 5 155 0.6! -.. /../.. ... 1800 1.22 1.23.191 2, .59 7 170 0,4A27 463 41900 1 a! 0.68 ... /. /...10 .1 1221: 0l:.1 1 7,170 0.4'27 460 4400 11 0.46 *./.-- 1000/661 100 ,9 13llA 30 091000 I,4t 574 319 30 0.5 1144/ala ... /. 400 3.1 .9.01611 3.20 0,09s5 30309 0.4027 979 674 oI 0.7 *~*-~- 59013 ,2-lilA 3,2 0.130,6210 0.427 647 4000 01 0,6 I !1/211 .. /..4 16 11.006 5. 0,30 610 .40 647Sa 50116 0.41 *./... 699/330 3 ,7 11.23R6 1: 3.0 0155 1,140 0.40? 711 414 77 0.1 11210/22 .... 40.. 15.0360 3, 0.5 S140 0.427 711 9490 IS 044 .- 4/... 536/009 5I 1,0 1.14-046.5 1.0 017 43300.t 740 41405 T. 110/799 ... /. .. 31 1,3 10.040 .00,70 9100 0474071 Il 06..../..... 464/Il19.l18.1-076 0. 17 7970 0.426 452 3336 00 0, 36 .0 0 9 4 065 60 1 1.61-066 0,0 0,111 7160 0.416 452 4060 S3 0, 4! :001/19 6 1009/389 1610 1,46 1.43-16 :021 026 72190 0.440 440) 3060 31 0.73 90/93" *9ga/9go0 ,9j 2.04305 20:0201 270 0440 40? 3026S 0,6 OT 004/3971, 1003/392 300.0 I19.33K 3,2 0,09?7 90000 0,4Z7 423 3190 Z3 0.47 30/502 901/610 1600 ,971.0.36 3,2 0,06 3 1016 0 0407 400 470 II 0,0 5 19/03 620/4"6 loco ,2 12

* Final length refer to mraturenem f~te &it*ir. thick,.,a
oo.I to length alter ... lloolrg.
Soar Ii An.depth wemporatura noenearemeot satilon.

KIM, r, I I Un Oe~,iI 1, ~air Optr
bimpi' i'. 3' i ioicn 0 *v'.m, Mdv ion 6rtn ~InO-rcriollnnt of Motion PloturrFi

1 0 Co...ratio

: ."03 42 . . 0i~uc 10 ...* 0. ttrrivIty, oxide formed on top halt..101 45 . .. O'ito 80..Oxtdr broke off, nynoty ondeomed1PIlU 4,4) . ... C00SI:ir .1403 00 C'7O11dr broke off, rolornt`rdlon bottom, t16n I.op
ISOA 2Ir;.Oid .n 40Lar4t front cycle III, oxide grew uniform, Scb.oeI go-OIKA 0075 9. ;6, M, CIleticn 400 . itl 1, ctivity.

-410A1 15080 -9 5 M~dwi 145 It T00 Sudden rahpId melting.,so5 50 - .- Oidto 4 .- f . Unfor artit oe, h.-cla9 101*doe melting.IZR01 606 469 402 MIltiog 55 15700 "Irltl" fromn edge. to nt, rapid M.Iling.
:233RA, 3605 . -. 0410*110 90 .. ,lo hratu tonrtig
-2360 00 9 6101 .. r.io SI 01-00 flayld o11;.046, 306 .. ... 0n1"M.o 16 ":a tlatd to me 11n.06
-04611 5255 649 661 M.11110. 55 036,00 Rapid moling.
.275R 2076 -6 7 0.idatio 3.1005 7 L"ItXtl oidy.046 3600 .4 Oo0idatlon 18110 6Oxidr fonod ro topi cente,61,0omoiad0100 2620 -2 3 oitor 100 LIll ac iy houd Ilightly colde tban An lo

.103R 3 1 Ooidatinc 3618 10 Litlte actIvIty..0411 4465 -61 0 Cniiitiii 1300' 7 Noonacitorm oxide Si.Ildoy ibr btel to right.

OConvrrtrd to 30 mnilioilr 0 a line., 6a.I
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TABLE 11

SUMMARY OF ARC PLASMA EXPOSURES OF

HIB 2. +35 v/o SiC(A-9)

mate rial Cakl-lted T.-pr-t.,*

sarnlpi No. 4r HN Ratio T(CAL.C) T{BS.

APs.mod p s S2 AqC. c .mpte G Cold Walt fay .%d Kidd.ll
S Mah . D ow 7 P t Normal Initial Fl Up..... .at Tr...isr Hea. Trasier

at k .0.6SMe N_. ,atn BTU ,j!! BTU oR BTU E.m .- ,8 n.! . T Co.322o2.. Co.222c ANC.

LIMt- W*.. a .. 4S.C (..sl 1.116.)

Hi2t, I + 36./a 31 IA-9)
.6 /SO uta. 75 1.0o10.324 2,48 3.24 1700 0.409 910 80•.2 507 0.12| 5203/50 209/220 75 2.07 1.03

.ZIA 0.4S :.*a 4700 0.419 730 6300 349 0.50 122/120 --- 1079 233 0.94 0.92

42 . .0 440 0.449 44 4370 l'Z 'I 161 .... / ... 33 i.Js 1,31

-4M3 0.31 2.08 4430 0.439 "4S 1373 314 0.14 S.. .8/ g.00 0:04
=s8 0.33 1.07 31"6 0.419 830 4000 140 0.14 $71/503 144/U) 2800 2.04 2.20

4 .0.20 I.02 4730 0.436 410 4040 41 0.12 437/.414 .l./428 2800 2.34 228
-78 .13 2.01 396 0.44 3S1 2160 69 0."6 434/424 436/.42S LO00 N.,

884 8.19 2.23 1440 0.424 130 4238 44 0.4 .44/541i,. .. /.. g00 1.23 2.19

-M 885 0.9 1. 2136240 0.424 34039 Is! 0.43u */ - -- Y1/40 .0..2 2.. 0.20., 2 .01 2 0 .4 10 ,2 24 ..09 4 ..... 0.
-9MB 8. 2O.01 4220 0.416 410 02*S 234 0,/ 2440 2.0. 0.9

-20844 0.27 3.01 4130 0.424 138 4426 274 0.41 43/2TS... 1 0.93 0.92" A2014 0.17 2.00 4230 0.414 130 1000 282 0s43 *./ 328/.S 2731 2.02 2.00

-im2 0.10 2.02 4240 0.4 10 Is $ 40 0.48 4../42. I 7/. 12 420 0.97 4.88

•2314 0.34 1.08 1423 0.434 490 0228 218 0.41 432/422 --- /097 2000 2.03 2.03•4, 0.22.02 31O 0.426 4 10 430 20 0.43 431/43 is-, /.-; 200 0.12 2.98
.214M4 0.22 2.02 330 0.426 410 se0t 2"8 0,.8 00415 S1/ M 0.S7
-288 0.29 2.01 3820 0.434 420 40$10 9 0.41 4/421 413/7) 2o0 2.28 I2.4

:Fis4 |.A2 2. bd o0 mo10emeM pil0r 00 51604.04370ISg o 10i k .s

rate@ to ength itf lter scioening,

Mat&YI&L T 0-l. W4a.riat 0Itadation Sap.Sur. Recession
Semple No. Or R loe I" Recession Mod* Time KRtes Dscrtlption of Madot• Pketuete Fil•m GCoi a

StUlt M~UG 
isot5 mssms

HiI + S3 .lo/ a -1A.9)
.214 6850 104 &83 Matting 78 3.61/4630 imm.4ea2 metkiint, rapid recession
28M 5840 ... A32 Meting 133 1.74/3130 slow h.&t.-p folirwd by mePtini

-484A 1910 ... I# 0.2disi. 135 .... Ife elm. heat..p, slight stlaice activity, th.e mouliss Mod rapid

.4un 0420 .-- w80 Moet'o2 .. 3. I20s/1

.81d 3140 32 20 so 44. Lao0 .... .3.. hel.sp, /soid It best. them sq. moltin at Rsd *4dil
solid2,I. I4d,52Li se d 4o.... 1m* d•ilddwalt s..
tace activity

- 484 5a0 --- 6 4 t.-.00 l00 4 uttle activity, @2Ham O.do melt It edge@.
-14 40 .2 3 01 4 2800 3 2.4001.u Ie activity.

0184A 3448 I .L.. .452. 002402 activity. fight
4 

od2ds un.S at sips.$•ld SS -1 '1 ouldatias ti

9104 11i0 ... ... 014.l22ies 60 Ovde malted. mlild tmbue.
g2s 00240 214 243 oaddsti" 140 2 143

-|0A ItsS .. .. iat~i 75 Rapid maltin ol wdie. l9114ifil to ýlb-irt.
-i = N;4 11 S6 OuidsUeM 1715 i's

.ItM 1738 S10 347 Maui" 142 402A Rap~ d malUti sgd &"tWeslal..
-2.2 5364 544 314 14.383 4316 1.11 Reda m.22a. c{siderlsao rcaseils.
-4 448 *-- |14 --- 220. 130 4 Bulk * malte, .oo2d~i2.d me .. .lt,.
.14844 5910 ... ... 0.445t246 200 2714 8to4ts Iie t' e ts

4
14 a"ld q.

-I.28 )590 0 9 is"9 800 9 Uttleatoty, be rim sroned sdg..

*Zstisrat.d. +}stkinsted
....ssios rtot. cnverted to 30 nifid.. on lift- S..W
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TABLE 123

SUMMAR11Y ONF ARC TPLA.SMA EXX'rC'UP9RIZSj OF

ZrB 2 +14% SiC+30%oC(A- 10)

Sa.pOle No. 4N 5.aoo TILoI/T05

Anti"ac 3480. Normal 6000.0 Exosre Ift Transfer A40M T-..a.0.
ii 0 .0.6 Mo N. o.4m BTUJ B~TU 'R BTU Time~c ... i. 0. Co.Ificl.80 _q.tffkW..0

'IJ. si C (A10 
(MAW)3 imils)

.04 0.34 0.08 I04S a.l" 145 0430 sea00 6 #U 188/74 701,1494 34 000 00
.04 .3 .0 180.9945 80 35 0.70 8571/84 374/341 08 .7 004

.'30 o 033 10:.01, 1 a,8 04"99 S40 4815 004 1,3 85/49 7070 00 .9 00
slid0.111110.04 407S .497 640 133 000 0,0 '? so 591/504 0800 1.0? 1.00
.804 0.34 3.08 SIM0 0.49" 745 8570 111 0.69 857/8454 500 08 .0 30

- 1: 0.3 '.04 1110 0.4194 .88 34,85 48 0.74 alll/ise 85/450 1008 1.590 1.41
*7 + a, 0.0if0.570 0.4"9 490 5430 00 0.71 1145/854 0073/587 0800 0.14 1.08
.85. 3.2 0.031 031670 0.499 437 S705 log 0.57 10045/44 1000/735 1800 0.017 0.05

.0 .2 . 0.212 00040 0.40 00t0 5588 8.84 0,00 0040/850 61A/277 30 1.31 0.AS
N0. 3.0 0.00 9'0 0.491 'U ...85a 050 0.57 94,114.12 43/300 17 0.03 0.04

lilt* 3,0 0.030 04370 0.49A 308 5SU0 334 t.o 973/Ut 9776, 080 ,NO 'I,9I

MR034.0,3 0.08a 400001.4;97 400 4025 90 0.74 Basis"8 .11000 0.63' 0,30
IS54 0.a0 0.001 4000 0.419 410 4105 000 0.041.59/40 000 0.30 1,30

.1404 0,54 0.80 340S 0,499 540 8085 840 0. a8080 9689 00 0 00
Ad00 0:0 G ,o 3000 0.491 540 3840 45 0.4677/1078/74 0l00 I'm8 0.S3

.04661A070 ,3 3 3040 0.099 708 8038 030 0.70 456/a4 *1- 0030 0.0 01 .03

.1fllm 0, 70 1.311 3040 0.499 70% $555 330 0.75 fI. 709/704 43 1.00 0.94
-I 70AA0, 44 0.03 4305 0,404 140 W8e 304 0.07 804/804 4.- 000 0.97 o'"4

4305 0a,60 40 4730 *1- 16/4 0700 0.1.4..0MA 0,0 0,03 3540 040 5354003 03 8888 .- 4 .0 08

.00045..01 0.0.08MM 0.0 i ,0 354 11 .0,0 53 000 043 so0 .1 7034145 071 0.8 00

.109MM 0.0is 10,0 500 0,434 450 1010 00 0,43 61;/T 81/7 740 I.9 00

.200 0,05 0.00 443 0,408 348 4008 008 0,9 63/800 500/804 0800 I.8 V,
.OOMAO.II~ ~ 3 .4 3005.404 $IS 4040 89 .9 0510 -- 4 .0 00
.00,07 ,0 300 .404 is 844 H05 0.44 .1. 39/118 99 0.O .98

.' ' ' 00545.0,0 0.019 3030o 0,4S 730 4060 90 0.3s gsos/ss 4. 00? 0,5 .09
.000450. 70 0.09 3030 0.4n5 130 0700 040 0833 /. siz/ing 004 0.99 0.94

r.88m0840908viy factor .q..0. 0.8 343fo up080rs window, rimig0 too 4.8 baedce mbasure~ment prior to se004.0.50 3000ckseun

1.0.11 to 088506 offer factloolos,

Material0 G0r088 material D O ajr.48000 Ackpas. A.. s.40808
Sample8 Ne. 11 Revessios 5.0fi.0o. 04.4. Time Rates Description .00Motion Pi0.00, Fun. Coverage

Is0 500 4A 802.3l~ * .74/0'70 immediate o'.o358o, sunburst ijrn~atioa

.31A 4005 9? 004 0.4 8 000 .... /114 surface, activity, susiburet formed &ad (rose. 0i300.

.484 4570 V1& 344 (Initiaton 0800 ---- 1341 moxt-o sr..ows formed4 sued ftes;*, s0ome ad4030.580

.504 s00 W4 494 it.0 04 430/7740 malting5, rapid 1.ce81008

.?R. 4970 -4 47 Oxidation 08000 a-.0 9 uniform heatin.g worn. =.4rc..0t'm.

.8R5. 845 040 009 Walk04+.04. 0800 ..../0 W .. newsi. heated fle.80 M83. t 0*o" 6 ,1 8848100 03esim
a.41*. Us" ftwati88

91. 8085 Sea0 115 WiOtt 30 is.0/3s,400 'O
0 4

me0tiag .. 4 roceammiah

.111. 807 4 0 0343.. 00 ----3 I eL~ hsati~of, dome l~ightl me1416

.03R s04* -5 11 Igoe0. 00 .... /0 III 00 M heatin, little activity

100 5. 05 Oxidation 0300 4 Poor as0Idl8.
.3MM 440 4 4 0438 50

.Is0 4405 78 *4 Oxidation 0800 00 0n000a0 meltivij, 80868180 formation, as0de continueed to0.U.03

-0ISM 3400 1 1 is 9:r800 0808 D.,.100 o~ e~.3fa 8010.gI
.0464A 4675 0.1405. 0050 t.p.atrmed foll00od by rapid malting 0f aside.
.04MMD 5045 031 140 048000.8 4) 3543
-1704A 8590 logtO R0 apid ... 33/q. solidified is swalware. litt0e £410000080 8000908

.07MM1I' 400 00 06 .40. 0700 140
411141% 5390 04:.0008 4 Rapid mottles., Mo00010.4 is vo8le-f. 000000 844001088 8ct0v30y.
.l8MM 4400f 007 040 0.400 155 040
.09045. 4930 --- Fran faceO malted080 8. . 8003404384 In 8w6subub. ad4083.8a3
.39045 4140 00 4 .0.?8 7 44 asideottog
.004 345.0 4 0.04.008 lo00 I LiotS. activity. 800i000 sdge moOS.

.00 1 70 --- ... Oxidation 49 00780 Sunppa, taboo.0.038Da, mattiog. tepid 1088.8000,

.110MsMas 505 3 448 040059
. T04. oo0 --- 111.0.0. 0 9173 88093308800085 3403085 " ~ 3 10o88,008

assets 8140 S00 030 Meosta 004

85.0408830 1838000090ied1.83 30 Minutes 080line810ba0i.
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TABLE 13

SUMMARY OF ARC PLASMA EXPOSURES OF Z rB 2 1416SiC +30%G(A- 10)

Material1

1.2'.m1d %i Srtac.i Icomrpoasdi tallo TIaLC/T(C
Emittanca Mach oe ' w T Vidiation Normal Cold W (al C) (04S) ol.I

at~~~~~ 1 O- !,am BU2. B2 R IT ~ llo4 litkal Fiatl. Expos... Heat Troanfer He.at Transfer

zb,8 + SIC + C (A-Il)(ml) 1I.

- - 0,60

.01.33 0.1 ,0 3,50 0 04131 414 5090 161, .5 80/0 *-..- 100 .04 10
I W41 0. 21 "1, 40010 0, 431 422 5060 14 0 ... / ... /.. 100 01.0 01.0-a336421 0,3al 1.032 4150 0.4 31 402 4010 106 0,03 1-/1. ... /- - -./o 1. .60 1.0 I,1O

-lZhMly 0.32 1. 03 3960 0ý43 1 386 00311 157 0.03 ... / Z. 8112/7S7 2000 1.04 1.00
-041.0 0.20,1.02 4390 0 436 407 4005 75 0,07 836/334 ... /- t800 1.31 1. 33
-24ml42 0.20 1.01 4100 0,426 398 4720 141 0.61 .. ... *... 1400 1.13 1.14
-041.0130 0.21 1.02 3607 0.426 396 4735 247 0.60 ... / .. 11610. 1.09 1,07
-24ha0V 0.21 1.03 4030 0.426 403 4920 170 0.62Z ./-. 103303 1.08 lo

1 4h4V 0.31 1.02 4000 0,426 398 4060 141 0.47 ... / ... 18100 1. 10 1.10s
*4MV1 a.31 1.03 4300 0.426 394 4965 169 0,99 ... /... ... ./. . - 14000 1.07 1. 10.3414viI 0.324 2.43 4730 4,436 394 4990 274 0,60 ... / ... i800 1.08 1.14

'ZONVIII 0,33 1.03 4000 0,436 391 4010 169 0.$7 ... / ...- 14000 1.07 1. 11
-24M1X 0,13320 4100 0426 406 3039 180 0,60 *...- -.... 1400 1,108

1:64 3,3 1.0 4400 0,426 394 0300 171 0,60 .. / 1 18030 1,0 210
-2 44MXX2 0.3Z3 1.00 3990 0.4.36 398 4044 Is? 0.61 .../ "go/ 10: g.4 I1.06
.34mN03 0.33 1.03Z 4110 0.436 4045 013 too 0.00 -.. 034/73 14100 S. 1.07
.070,A 0,24 1.03 S160 0.430 911 6150 234 0115 689/633 ... / 70 T 0.93 0.905
.37MB 0,3Z4 1,03 4160 0.417 011 0434 173 03,29 ..-.- %74/S41 1700 1.04 1.00

I :8M 074 1.201 340 0.1 9 0: 930 1181 0.,11 690/685 340/.. 0.92 0.911
-8MB 074 2.0 300 0, 437 5998 190 ... --- . - ./ ... ..- /24 562 1.07 2.07
234MHB 0.13 1.01 3900 00,437 41 41U0 66 ".1 691/2" logo* 12 13 1.037

.206424 0,is 2. 15300 0.417 220 3160 63 0,041 606/2941* 693/088*4, 1000 1.03 1. 36
m06 0,2 1,02 3370 0,407 400 3843 52 0; 41 690/940*4 9/ 0 10 ,713

.39m 6.21 1.03 0990 0, 425 400 4740 93 0.)9 6923/197* ... /3824a 16000 1 :1 1,1
:436M5 0.21 1.02 4000 0,417 193 3030 27 0,69 6 9 /10)a* 694/101 1000 1 .7 170
.43101 0,21 1.,01 4042 3,427 403 3049 06 0160 660 /4D00 693/397 [B00 1.,03 1.74

0FtraIlength erlare 10 mneasurement alter cxp,tau.., thickness riolra to

Material r1 O.... Materjal IkgeodAticit, Exosuoare
Semple No, 11 Rtraln Ooas Flo.k~v n Moot Timi H4-t1.111

Z's, +sic + C JA.I0) I-l

OOI 4630 .. Melt. + Onid. 1600o E:dges m0ltod. sunurt oraltmed,Ia wih~h ot axidi 1 n-ml,
.332,41 460 COxidatiotn 1000 -- Ital 1*11, cych, 2, little activity.

ýZOMlII 4S7 Chtsidatlor "'.n I ,to y'tt 0o 1. , lilttlea ., 0110t
2 3MI1V 4575 0 61 Otdlox 100 lb:.tatao Irl m cycle 11, little activity,
.0444M 3620 .. .. Oi~datlon 1*00i .. IlAt. at 'dge.,

..341 430I. - Oxiditlioo 1000 . 0.1,0 formed overf-,lot.*1* bolibl-tl atj,.
-04M11 430 ... tOxidation l8go -. 12.o not. iniorod i.-
-Z4M1 4460 .. - Onloln 80 Litlle change, slight .. id. ,rti. 0 ,.. MIV 4400 -- Z odlen 10 .- Lite104* od r" ttlr

.046401 4930 .Dtlii - -. 01110 900 u. c ,11 hange, slight1 .. id, n1..ltig.

.4MV11 4400 .. Ox4Idalon 1000- Little change, ooid. he--ta,
.34MI13 404 tdSn 10 . LitII, change.
.34MX 4540 0. - dtio ý16100 . Littl : hange.
.24 MN 1 4989S .. Oxidatlon 1800 .. . 1Little change,
ZM.0441 4460 .9 204 O0,,at d. . 1n00o 9 Littl 06000*.
ZI1MA 5690 .. M'121rig 70 ..- hlv1*4ledfom, edgr to -ter0

.37640 40795 114 141 Dondallo 173p1 141 So ,di t r d I n a wtr t. I
:11IMA 9470 .- ...- Meh.Itt 200o. Small deoplatt, oold. 111011.0, oooa blnala*t.00~
.00640 473S .. 071 Oxidation 060 1365 5o.ldified in awb-th.t,
-34011 36450 . to 0.ldatton 1800 to I-1ot :p.1t l/4"dniamot.r at nlo.., little .0010119.S33MFI 3000 .4 S O"ld:týot 100 0 2201 apct I/0-'d1-,-trlt at liat, tle activity,
1.36 3380 .4 6 Ox daton i100 6 Little visible., . ht6ly hottrr 01 tdila.".3964 4300. 16 tOldloo 10 16 Litle~ vl J,t*. .ole dot ,08 id. 'n1* ire.h10*

-43640 2960 - 2 0t daton =00 3 .11 llble,
.4064s 2494 .0 1 Oxidatiol loo I603 .1 Ltle visale..

*Convwrtted to 30 ln~iiaitc. 04lintear blaial,
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rV AnT t'• 1,

SUMMARY OF ARC PLASMA EXPOSURES OF ZrBZ + 14%SiC+ 30%C (A-10)

Mateirisa"85mpe No. 
q 'NAEsumed .. T ortae. Computed 

Ratio T (CAL.CA/T (11S)Es6tian o , Mach e a q) T Radiation Normal 
Cold Wall Fay and Riddell

at B 0 No, atm .U lint MU 10 0TU Ernottarce Initial Final Eopokure Hai Traner Heat Transfer"T"lsa .1b t-• TIM Co h 5T••, ~ p .. .tT~ e ffient T..t10 c it T. tr.ime Coafficiatt Coas fllolas

Zr, 2 + SiC. C A-10) (Mie)

5I 0.60
-2011 0,2 0,17 80107 0.437 492 4618 160 0.61 1o6 */ 100 1: 1.4
.20011 2.2 0,120 7800 0.437 496 0000 214 0,70 / oo*/" 100 1,21 1.1£
-200v 2,2 0,120 £160 0,437 490S0 239 0,69 -100 1 1 .1*ouaz 2.2 0.242 1600 0,417 460 4699 126 0. 00 / ./O0 131 1,40.24 O .1 0 01600 1.17
-26R13 2 ,4 1004742 490 22 0.71 - Z-/-- 10012
-2603| 1 2,: 0,240 7900 0.437 460 5)10 216 0.67 /0/t ie t 7.26R0( 2,1 0,240 7900 0.437 402 0130 Z24 0.69 11100 1.17 1,2-262 2,2 0.231 76"10 0.417 460 5110 220 0,69 4'/' /100 1,17 LIS. 6RVI 1 2,2 0.236 7030 a,47 469 5135 207 0,70 

4100 1.17 1,24-261itVi 2.2 0,036 0140 0(4317 4t0 0100 219 0.66 - *./•.-• / 1600 1,17 1,26*260V12 2.2 0.036 7570 0,47 427 9101 219 0,6 / * 1800 1.15 12
•.26012X 2.2 0,236 7090 0.43=7 43=7 0190 20=1 0,60 •"../*" - 1000 1,19 1,24.26Rx 2,2 3.206 7690 0.437 450 0209 029 0,66 / ./*.. 1000 1,19 1,2)•261211 2,2 0.236 1660 0.43 469 1190 236 0.69 *0./** /% 1 1.16 1.23-308R.1 9.0 0,090 10440 0,426 901 3660 [ 0,40 1 / 421-3030 3,2 0,010 10440 0.426 901 5410 196 0,47 *;;/** 117 1241 1•,.7, 1.,1

"' 104 41, s1k I,, o.66
*OIRA 0.2 0,100 10510 0.426 096 30 44 0.53 i ... /-"' 300 1.78 1,75-30RS 3.2 0.100 10410 0,426 99 4919 123 0,40 / 473/130 30 3,32 

1,12"RD01A 9.2 0.130 9900 0,426 656 3090 64 0.12 1960 "/"-. 30 1,3 1.0.32RA t,+ 0. 13. 91 02 0,436 606 400 IS) 0.63 " 434/Ill 40 3.43 1.4131 1.2 0 5,14 7900 0,426 662 0490 ... ./. 300 1,:9 1.78M A 3,2 0,140 7950 0,426 682 4760 129 0.92 "19/"" 40 1.06 1.29
-361011 2.2 0,147 7200 0.437 492 3711= 69 0.77 I0I0/10205 1012/97 1600 1.63= 1.76.37RH 2,2 0.144 7710 0.427 482 3600 74 0,05 990/9932 99/392 000 1,64 180.-4 0O t 2 .2 0 .14 7 69 20 0 .4 7 4 9 0 493 1 173 0 ,6 2 10 0 3 /9 1* 0 100 4 /1 9 1100 4.2 1 ,16*410 2.2 0,147 64I0 0.420 495 5110 O|l 0,66 I000/3=9940 014/l32 1 I407 1*3I)
•4489 2.11 0,226 7400 0.440 490= ,670 129 0.00 992/94s 998/0• 1002 1.30 1,05S

-4 9 85 2 .2 0 , 2 2 9 7 4 7 0 0 .4 4 0 4 9 6 91 1 3 30 36 3 9 9 6/604 * 1 30 1 / 3 10 1 60 0 1 .1 9 1 ,54S46R H 2,2 0,10 0 72 •0 0.947 01 4 302 0 22 0, 96 1?07 /l1O O4 1007/4104 600 2./0 2.1-4701 2 1,. 0,167 6010 0,969 107 4740 138 0,os 1004/lOO9 1017/87 1000 1.20 1.21• 4 0 1 1 2, 0 0 , 1 9 6 0 08 0 0 , 9 7 5 4 9 2 29 7 0 2 0 0 , 9 0= 1 0 0 5 /405 1 00)/ 940 1 1 0 0 0 2 31 1 .9 7•49R11$ 2,2 0.167 60-010 0,97 02 4630 99 0,73 9so/oo1oa 960/ 00 1600 1.40 1,40-48Rt1A 3=,, 0,109 6980 0,976 694 9529 286 0,60 1004./4.0 Z. -. . 420 1,,, 1, 00
•48RSt 3.2 0,17 804076 , 664 0:b 206 0,60 ./ - 100 4,24 t.o0.4.R0C 1,,0 0,420 0703 0.976 671 320 a 2 0 1 0,64 " 3./.. 2ti/..- 

30= 1,z/ 1.14

Finanl kngith refersa ,' ntoaiure,vlenl alter etopasolreo thi~hl l kn e fea reto c aau0er6ent alter ir lotioving,
SNucae to iv-delith trrnpo~ratorr titeaiuremteot itliat~n

_Iti t Geneu Mitrtal e "rodat ov Eu1tttir, 5 0, l1 o0.i

liitY Oiti 'ovoa••- Hate'@ lleotr'attlol o Mutont~ocflurr~ Film CoveragRB2  0 SiC s C IA •10) 

lfTit- 12 44 05 ... ... O nldstio 1 000 .... Un ifor m o lde bu0 6ldup, little activity .

:.• ftSl] 449 17.. xidtio 11964040S

-2 R1011 449d .... Same ocide chipping, little activIty.2a1t1 47 190 . . O... 1 1i d5 ti6 1 0 0 0 . .id a c r ac k e d , ;a me c h ip p in g ,. ] 4 0 r s t id a ti o 1 0 0 6 La r ge l p i &e M ,a o id a b o k e o t l, au r la c e r e fto r m d .-26R1 4139 ... ... loidatiun 1000 .... Spotty oxide buildup.-2611 4499 ... .. N. Ovidatt 1000 . ..-. ioade gewra more asitorton

• in•1 =-5 .... ... Descrittio of0 Moin...r Fl ov r.

.26011 400 -~ aldoion 800 ... Littlr chtange from cycle II, some chipping ot adgea,
-2 6e l V 4 6 7 9 . . .. . C uid ottio r 1 0 0 .. . . bo ld e c h ip p e d at c e n te r c od re1g re ,
26109V 4690 ... ... boidatitna 600 ...-. buide hereaking off oond mnltinj,

.2 1091, 4 67 9 .... Oxidation o00 .... Unilorm oxide , little acti vity ,-261VI0 4635 ..-.. Ooicltottn 1800 .... Some -Hide broke off dleact, little y-2 6 R V I I I 4 7 2 0 . . ... . O oi d atio a 40 0 . . . I n ta c t er n cy c le V I Iat,

-.6RI•II 46 0 "" "" Oxiditwon 1000. .Oxd a

-16b612 4790 .- .. "latuo 010" -" -Intact lern 01.01, Viii.

-6R I 4 .1 . 8 Oxidat iont 1000 .... h~ a . m t r t

.2 tOX 474 ... . Oxidation 1000 .... Lintatlt fro m cycle X1, 1omr splling of heavy cOide,*2630X1 4730 - * 0 Ocidoriox 951 0 ltuct tram cycle 21,*30O0A 319950 ".. .- badititin 4201 "-,-Oid floittrmed from edge. iota ... oter.3018 499 -0 2 Oxiatio 121 1 Olide ocered lace
36RV 06190 ... ... oitat. 0n 000 ... Oxide sloWly melte d lrn odge snt. renter.s=ItR 4490 695 600 M nltlno 30 1710 Rapid m alii fg-.12 R1 Ifl0 -- - ... O uit ic Ion 0 . . .. H elte do m e ltin g-3[211 4140 6001 61i4 M ltiog 40 16600 Rapid beitin d

036RV II o -9 - ... 800 .... - Hirsed to melting. 430 Mailing 40 10400 Rapid btin3610tO 3299 2 9 Oxidation 1600 I-tot spot 1/4 diem. o, uid l itte at nose,-3171H 4 3209 . Oxidation 1000 Htt spot /4 diem. co.died at eae,

.2 it0 4, 5 " Oxidation 1800 ... Itatf

-40 44730 . 63 Oncidatia 9 6Nvr-aicorm oxida buildup, irae heavier,4 1 0 4 6 5 0 - 14 7 lO x i d a t lo n 1 00 0 1 7 S p ,ck l e d s or ca , gr u d i a a ci d , b u i l d u p .-44. 0 4219 - 2 ii Oxd.l on 1800 42 oxide grdf. dilly spread aver sample, not shrotd.-4 01R 4 690 " 14 O xidation 1 00 3, o xide (vem over lop ha il no shro ud and m o st of erm p ia,• 46101 2060 i bOidtlun lon I0 Flt aot 13 /4. diaem. coidiand at coser-470110 4289 - 3 ii bOxdotiun 18000 Siltll~ tot spot germw li 1/2" doom, at rosl.4831 iR1o 0 I Oxidation 1800 I i.ttle activity,-49 A01 3610 bOxidaton 1900 3 Small hut . put . /2" diem, at ease,-40111 A 0060 - " .O did a n 42. Hravy oxide5 
6teitiog 

continao, sy, thex
S-401R0 9069 --- - oRldptio 80aiid tlyotiHadyfroming a eno er-4IRC 9063 60 .. Oxvdatiar 33 .pti at seetee,

i •tClttvi'nt d to 30 ornate. Ott looner taic si
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TABLE 15

SUMMARY OF DEPLETION DEPTHS OBSERVED AFTER

ARC PLASMA EXPOSUR-ES 0OF DORTIDDE COMbýP QTTESI

43.;44,lto IDTime tR.I

1,15,40%SCIA4) i4 4I~140%SC(A-71

-3M~i 500S 111 2 4 760 115 SH 7410
-ad 1)170 (1 1444 20 -"1 4800 40 740 16

-2-M 4790..' 11110 111 - I'I So6140 4o (17050 2:1"

2-EM14  1400 14 44 2 t) 101 .7M lo 1 0'7 27 49100
?.8M 5440 70 .1154 98 iOm 4505 27 140 700 54

* -M 140 I 140 '4M 4096 40 4700 94

440 4 1404 1-424,4 5455 40 g100 20
-A M S144 1080 (0N 447p 1.0 0 75200

IA*. 4%al" 90 140 44-41) 5005 02 14000

.53M 9354 14 4(1 ,.454 06 0 4104
14M459 1 140 4 M114 24 0 4( 0o4 g

.7 420 goo too 4100 900
444'l5 g .494( a 415400 70

-m 0I 40 #So ( io10 (140 0zo
5/\ 44655 44n h44000 1

Im 5145 117 71 7hil 176pi0ll0'-

-SM~ 447 5 4(10 0 "G4. 445 4442
-(U~~I 4606 4%012 4. 4.147 5 40140 (0

-..... 44...0 4n k~ 4140 III -76470 40 800 14

INM* 4445 0 11400 6 *14M 34,5ý 14800 44,

O1M 4505 0 72100 0 .4hM 00 10 )247 310
461426 16700 4 - kM 46010 4i a75

.(M 58 4 41400 0 -21
4  

76248440 2
-49ON 022 4 o (40 I a2 1  102 45(4 8

"" Is. 426 6 o (140 42 -0 M. ,142451 14 324
-lam19 906 (0 6000 406 -204,4 415 20 Wo00 10

i413M 431t 1700 2 0 IS44. 4440 42 2g60 2

-2ism 0620 4 41440 2 - 16M 5079 14 43314 (7
-29M01 4360 I 41400 2 -kaM 4709 42 1562 4
-17.) 5408 0 (1400 .0 M04 4991 (0 1(24 29

-3952140 I (000 A zo4m4 364S (2440 2

-41 4260 0 41400 02 -j 5.~l70 32 4800(
-0014 72055 07 zoo0 0oM

O~-hlngo.-rr )10.uIof 1Idi 1. mn-n NuoH~I (i 2i di 4 Zn4b . 4 4211 44 21600 22
.2 1(1 5l 1902-42411 445 40 414140 00-7 7 ko 4419 4650 6 48140 42

3-,14s2M o 0. 0 2951 10 R4810 09
2s 00- 40.4H 2459 02 (goo 24

-441Z611114 Imi 4215 1 4.410 42

-4510 4650 7 (8100 04

*644Itng ncr'orrd, dn-ilrt rrnar,-4 '4hlyto bo440,, SI
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TABLE 16

SUMMARY OF ARC PLASMA EXPUbUR-Lb Ul•U r VAfi--)

malerial Calculated Teji-rat-e
Oa.plo. .q.r a N Ratio T(CALC)T(OSI))
Anssure i, urgac Computed Cold Wait ray and Riddell
EfmIltance lech P. . D 4.. T lediealoc Normal latetal Emma us.ooec Seelt Trtaufor Heat Trassfer

Atl.0. 650 No. abn OTU (tS STU OR BTU esistance Time SL"Ificlol Cefficient
Is it'ean o. Li.. W6101m6

RV(H-% Jialnu) (mile)

0. 00 (15.1m 3000,F), 0.75(3000* - 3S000F), 0.65 (Above 350300)
.1A5 0.33 1.01 3040 0,100 510 0040 143 0.47 101611016 "67/701 330 1.06 1.02

G- 0.30 1.01 3745 0.100 340 4S00 TA 0.40 10311033 $51/837 1S0 1.03 1.01
.S0d 0.39 1.10 6454 0.600 lots 6100 ... 1.... 402103/150 /0 S 1.05 1.00
.-63 0.49 1.iS Ma30 0,00 0IN0 6300 ,91 0.40 9731973 730/743 0S 1,04 0,9

111 1. 11 612 0.S00 110 $030 241 0. 44 1007114011 7:17, 1.06ooA.1 a.1 11300 ll 13 5169 1 67* I 04, 0oS311053 6091900 83 1.3S 1.27

34•14 0.30 0.0U0 0560 0.4 11 41 4810 0 0.40: S04049049 7491741 600 1.30 .0
.14 3:00 0.057 10010 0.4I4 34" 4470 104 0.45* 906494 7141737 600 1.00 g.o0
-4' .Z0 0.143 1S40 0.S47 601 4441 100' 0.44a 1044/1044 "71665 300 i.2 1. at-S.- 3.90 0.017 13470 0.48 ad 14 4470 6S: 0'.14* "W91•t WIN)S 941).0 .1
-61÷ 3.20 0.016 14000 0.407 317 4570 906 0.47w 99/991 499 600 1.1s 1 .3
-7+ 3.30 0.t99 10900 0.46 99 14190 167 0.39 1044/1044 0611939 500 1.54 1.54

.1-mo 0305 1.00 4405 0,000 70 . ... . ... 3/99 -.. 195 ...10. ...
.4540 0.34 1.08 9190 0,500 710 ... . .... "1/991 9711942 10
:5551 0.1 1 1.06 1740 0.141 431 4370 111 0.0 911/930 V09/701 li30 1.17 1.51

Id 0.33 1.07 4900 0,741 213 4630 160 0.74 940/940 696/6" It* 1.19 1.15"ItIN 0.34 1.07 7010 0.141 640 4"9S 114 0.44 9311900 1341630 110 1.19 1.10"I .4R 3.1 0,013 10500 0.741 241 4010 93 0.16 12654940 860i110 510& 1.36 1.14
I11K 3.Z 0.014 10930 0.741 451 4500 159 0.61 12603-90 W41/143 900 1.30 1.15

-16R÷ 1.Z 0.214 10060 0.739 979 SSSS 454 0.03 1&33/929 "/97490 300 1.17 1.07
.23M 0.10 500 3490 0,00 "67 3130 04 0.64 603/679 SIZ/.S1 500 1.10 1.12
-Z4M 0.13 1.03 Il 10 0.00 150 4100 09 0.67 683/400 065/061 030 1.54 1.14"."54 0.05 1.00 2090 0.00, 126 3430 41 0.64 614/4671 S06/S4 iS0 1.06 1.)3
-36M 0.IS 1.00 1770 0.'03 73 3030 37 0.64 674/670 072/671 361 0.00 1.18

27A 0.10 1.00 1360 0.002 91 2995 2? 0.71 665/663 554/%34 300 1.05 1.05
-S4+R 3.Z 0.005 5200 0.503 34 .160 3 0.09 1000/701 971/669 1000 1.40 1.60
.2 3. 0.00 11590 0.504 I17 3700 20 0.71 1001/676 652S/21 1800 1.s0 1.63
-30R 3.' 0.011 13950 0.S02 111 3460 46 0.68 100S./660 t0g/387 5300 1.43 1.46-A1m 0.10 1,00 0530 0.00 3S0 3305 39 0.71 670/15980. 034/69 I4t 1.15 1.10l3am 0.10 1.00 0930 Z .03 0 10 3470 36 0.53 671/4144** S98/1 8 000 1.13 1.30

** Noes to In-depth temperature measurement elation

+Trmiemieolvity faetlr equals 0.60 eor pyroe wlndow. triael Lesgth Is based on measurement prior tn secliooh.; thickk.ese
*Surface *ed&Alto& voalte mayts low duo to raquleemeele for crilical refr to length alier sctertling,
aliglmet ceaused by wUllteik of one-halL bekh dimneter sample.

oTest terminated before temperatlre and surface rtdlttlo. toodd be

Malterial T Greoe M-ererLO Degradation 4epee.o. lacessloa
lemel we o .7 ej .e.ieoo el oceeon 34.4. Time V4et 5 Pieilare Film Covere1"T ..... V.. on _ ~e __r

ItVAni-I).31- 4S00 339 310 Oxidation 510 3.6314734 usaform helilng, rapid aide recession"I35M 4040 IN1 IIS 0dati5 51130 1.63/1934 uniform htellng, rtpid side rochsesio
-514 0730 106 19* 0ox0ide. 00 3041/61153 u-Uor. heatlng, rapid front and side io0l 0sion
.61A 0?O1 343 313 OsLdetiae 1 4.1617418 uniform %cail%&, rapid front and side secession.

*m. vtbration
-711 3710 a5l 114 Oxidation 66 3,09/1603 unliorm heetleg, tepid front and side reesselon,

O. mehibrall•tt
5IR 4705 164 153 Oxidation is 1.80/3140 uniform healltig nd recesielon. voundinreof .dls.

-S 1 600 300 300 Osidetlem 400 0.+f 51/1
-IS 4400 34" 357 09A51" 600 0,00/9f0 u"lform heating and recession

i4t 4S0* 307 19 Oc"delto. 300 1,16/|60 ualfioem beetile so, - aide rtooe.c on
.'a 4010 471 466 Oxldatio• 900 0.S31936 wellorm heating, samee aide reessloa. rapId esid

r-oseio.
.60 4110 301 l0e 0mli4ti" 400 0.so00/9 uniform heatNin. .ame side raia.IcI
:?M 5430 1903301 0ol94iA 00 1. "0 15430 ,utnform hietling and recliianro•nding -1 edge.
-55 50 . 19. O.xidtio0 n Los Z. 76(494 ermlamnted dee to rapid ,blotio, s..ipe blon.. asy
.4. "44 ÷ 9 O47d4to-4 1 .o00119t.0 trmirated dee to rapid abhltion. smpLi blown easy
-5554 3950 a3 333 Oueltloef 130 I,8S13300 uniform rec*eelol", sliht surface actlvity
.1014 4370 L. O I 30 0400(datl" 530 a,1013710 uniform locession, .lLdt stLurfae actlviy
-535 4050 300 300 O .ldelo 130 1 20/4000 wallor, rseeseion elighot suface actlvity
.54'm 3000 481 371 DeIdelos 1300 0.311505
.- SR 4040 431 396 Osidatio 9001 0.41/791
-.6R 5395 434 437 0x fiatio 300 1.4•/2630 Uniform reveoloc.
-23M 3360 161 I1S Oftndstti.n I00 0.60/1500 Ro-ijh. apeklsd euinsce, .uniforms healos..414 3640 11U 119 ox4idation 10 0.99/1765 Rough, speckled urfsce., unlformn hellinsg
-5 It 3960 90 94 001.1tion t00 0,05/940 Routh, speckled so•rfLae, uniform heating,
.3-64 2575 503 97 Oxidation 31 0,27/483 Speckled Ises, litle visibl,.
-.VA 23030 II1 la9 Oxidation 300 0,43/•704 R0 h, speckled IuriI,.. unlform haltong.
-ZR 1705 39 92 Mi0dstt, 1600 0.00I/Bo0 L0ttle /46lbl..
-z9R 2330 149 150 Oc.ideton 1800 0. 056/150 Rough, speckled surface, unlform heati.lggradual rcasslion.
-30R 3000 394 293 Oxidation 1300 0, 24/440 Rouah eurfe. uniforo heiin8, gradol reesion.
.315 2030 30 129 Oi'tdtinn 040 0. 4/960 Lii .t hsisl.
.3ZM 3015 73 76 Oidetin ISO 0.42/760 Spcnkied heating.

#Gros re•eslOa. i over.leetnIlod bectaus of h41ip1mg or eroatee of back *1le cession rate converted to )0 mlnutne oR timer beeic,

"ompsmfeerstres estimated based on Cold Well Hoet Transeir Co-ffloleiCakoulatmlO of 5S1050 aod 03001° corrected by mean ratio T(CAL)C)IlT(0SIeo 1. 16 to 47S000 end 63001R or 43901 ead 47400F.
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TABLE 17

SUMMARY OF ARC ]PLASMA EXFOSUPRS ,F1, FIG(B-6,%

Mate rial Calcula1ted Tmlragg;lr

Sampl. No. qr 34.atio T(C )/ TIODS)
Ase.ned le Surfce, Computed Cold Wall Fay ia4 and5 t4lI

gintsane Mah . q.w T Rad4atLo, mormal Initial Z"per. Heot Transfer Heat Trasfer. 6%, . sign BTU B•TU - TU •mkr° -- n Ujj kl' "-Time coeffiloake Coefficient

* ~ ~ l i___ .~n 5T I b9* soU Em31*61 (mL 0s8 630

ý*CII A.l Perpso4dcular to Arc

O (1.6)
0 5 00,71
.Im 0.31 1,06 0970 0,46? 390 4300 73 0,44 3160/1160 3000/3000 100 3.33 1.01
-004 0.33 3,0T 3935 0.459 540 3330 139 04 11354/1114 66/1161 120 1.04 3.00
-104 0:331,00 400 0,450 670 4990 331 0.44 9191999 861/316 61 3.34 4.30

Diael3aited eo "C" Plant aLts, Test
.4m 0.35 1.09 666S 0.466 010 4990 166 0,56 906/906 000/196 44 1.24 1.24
-Sl, 0,3 1310 6750 0,487 950 0660 Zoo 0.43 904/904 713/701 60 1.k4 1.10
-6M 0.46 1.14 STI0 0,480 940 0490 303 0.33 503/333 660/612 53 1,14 1.39
-7W 0.13 1.09 7320 0.486 570 0490 141 0.34 910/950 797/802 62 1,14 1.36

D.italnated an, 'C'II Pla aflte Tes3

.3P. 3.2 0.0ZO 30640 0.457 504 456S 17 .4* t " 090/1090 696/1704 900 1,29 1.19
-A + 3.2 01035 14710 0.499 330 4175 631 4S' 1091/1091 461/327 3200 1,27 1.34
.3e+ 0.0 0.99 36310 0,48 3,t6 .... ... .... 1073/1071 .... 069..

+Determnatedll anl "C"I Flaite

:4 L.1 0.1St 8440 0.4el 00 5310 73: as0s3i 014/1014 619/605 300 3.05 1.16
3. 0.017 13 0,4 1 0 4340 1: 0: 113111 113/034 600 3.08 3.24

.73K 3.0 0,31 5560 0.4o5 1001 .... 1--3/1131 .... 11094

D0..Mated on 'I "Q" Pinle

S.0,63 .011 Axis Parallel it. Arc
0I04 0.33 130 1 3150 0,456 S10 0100 173 0.32 617/456 300/Z30 300 0,94 0,91

-914 0.0l 3.06 +235 0:466 zoo 4640 79 0.36 6Z0/460 3451367 97 0.93 0.93

-:06 0:33 3.05 4305 0.416 690 4120 005 0.30 547/390 3421027 12 0,94 0.9
-3M 0.40 1.33 0906 0,456 3170 7150 464 0.37 I'1/421 0711/06 66 0,94 0,17
:.3004 0.33 1.07 2703 0.456 S30 5160 1M3 0 25 .13/31S 339/304 96 0,86 0.13
.81+ 3,2 0,030 13900 0.46 0521 3 3 S 15 33 0.06 619/460 460/316 300 1.13 0.06
.*R# 3.2 0.139 7190 0.461 764 353O 365 2.0: 054/395 34/3168 I3O 1.1 1.00S-|0K÷ :, *:a,,, 9,5o 0, 417 1013 613S 342 5,88 10427 30111184 110 11 ,1

- IK+ a, 4,2 71 0,1& L31 6410 411 ,7 (546/464 2"/9111& ti to 10
u.1lt 3,a 0.003 6130 0.461 451 460 143 0.56 047/377 33/1 600 3,.3 Is,.

+Tranlrnislivity ltter equals 0,16 7lo sapphire window. ri"Lrlot to5l5 based oin /40m7ia1e1t prior to mactioakithickrmtl

.otl+l to length after sec1tioning.,

*Surface radiatlon values may be low dom to requiremettlsolor rtical
i Salgnment caused by utlstL|iIon o O0nle~al[ Inc4h diameter sample,

ldamp3. N pe1eil30. Semell0 64. TTm. Orots material 63 64*0. Fqttr. Film Exosre Ro6
gol ýo I -il ... A-h

IP (5-6)

"A" Pla .
-IM 3560 160 160 o0idation 100 3,33/0394 acilloom heat.up, .34. reae.eto, Orl.d
-am4 4690 1934 21a 0ox,4a0ion 300 2,2740516 h.at.up from sides to tenter parallel to --A"- axis, side

rto 'Ilon ob.ervod. temple moved durinl 3.11
.314 4336 134 143 0,ld÷ +Th.Shank 61 .3414Z32 healutp paralll to 'A"A'-3.,.. side lroIO, am. 8 ampl *

vib•rai on

.4m 4030 L06 110 Oxidation 44 .1.01400 lat3-up palctlelti"A" to I- I 4ut, a .e go* ten a om t. ample vibluto.l

-0M 0000 106 396 0.4d*01,, 60 3, 7/5066 heal.uppaprllsito"A" axi3, side re ession0, sind damplavibration
-664 3030 Is6 3&3 0dl,-ion S3 3,41/6 33 hangl*p parallel to "A" a3is. mid* 163rec ,On, some marriage

vtbaliwio, 3.diootlo, e3 .uoiat. ll~lr..3o tO,,w'Uermlty

.M 0030 363 11 16 034 + ThShook 60 .S v7/3n66

- 4. 4310 394 316 Oxid4etion 900 0,40/774 he6a.-p p4v*1.0 to "A" .13., uniform recession, indicatlon
of liquid on top aide

-05 3713 610+ 364 O.34t-t.1 3200 0,471/46 h.at-.p par1*all to "A" Aoll. a ,niorm receelson
-I .... ... .- Th, Shock -.... .,--*--- par.aup 31llel3 00 "A" alxs, t.acturt .31aos8 Lmnedgittae

-4R 465U 44S 436 0.34.0ti3 100 1.00/0736 heat.up paraltel to,'A" su, ui,3e, m r.cesrio,
-6R 3610 100+ 377 .3sr,.03, 600 0.46/610 h.03-up parallel to "A" lulas., lustrous surfac,8 uniform

-K .... .. ... Th. Shock .... .... I.... healt-up parallel to "A" nao3.,ibrmal shock aLter 25 mil
sector had heated tup

PG (0-61
"C" 1 ...

- 64 5340 310÷ 2Z6 WW3,3I3. 120 12,1103314 uniorm heating, hourslare. 8834to.1

-14 4140 77 70 oxidation 97 0,00/ 1440 uniform heating, hourglass oxid4aton
-306m 0760 A.o0 163 OWWI=aton 72 2.261406& .. Warm heatieng, 31r315*es oxildatlon
.-30M 6690 304+ 233 0o3.tlio 66 3.23/1514 uniform he-tinl, houlass18 oxidation, surfaeo activity
.IZM 9300 194+ 171 0xtdatk-. 90 1.80/1240 uniform heating, hourIrla X••atinm, surIfa 1ctiv1ty
-05 30913 137+ 144 Oxidation 300 0.48/164 uniform recl.s..3
.9R 6390 030 017 Oxidti3n I30 3,51/2710 heatel (remodseis me enter, no side hoeating, uniform

.I01n 367 6 21e 271 Oxidation1 130 1.30/1340 uniform reosle.,o li33le mide 3hostin

.335 64302 41 326 V.3d.t3o' 030 C , 5/(194 uniform r.ees3ion, 3i3t1. si4d heatIng
-125 4400 316 0.90 0034.03.i 600 0.48/110 5radual si4e heot-up. hourglass recession

÷Grsfl,.. r.oeo.l 3. lv.rt.ti..,d •3*.tel of chippin.g or er of R ..... 1.* t convlrted to 30 maintes Ln'1es, hl.i..
back d at.
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TABLE 18

SUMMARY OF ARC PLASMA EXPOSURES OF BPG(B-7)

Matertll Calculated Tamoe rature
Sample No. q, '?I Ratio T(CALCj/T(08S)
Asmitad t 1urtace CMmachtad Cold Wail ray and RiddellEAittssne Mach a a D qaw T Radiation tNormal Initial Final * Ea.poaure Hl.l Tran.sr Ilent Transfer

lb ftasoc obh itzcac thick"sas thTc.ns co

"C" Axis Perpendicular to Arc "C" Axle Perpendicular Wo Arc

40. 79
•IM 0.30 3.05 2955 0.487 370 4010 46 0.37 876/176 746/746 120 3.19 1.16
-VA 0.33 3.07 3965 0.486 530 5040 99 0.32 828/a82 494/482 119 1.06 1.01
*IM 0,36 3,08 474 9 0,403 S9 O 3120 19 0.39 139/139 894/999 90 1.08 1.08

Del-minoted on "C" Plnela ater Test
-4M 0.36 1.00 6500 0.483 760 S400 165 0.41 799/799 S67/sS 73 1.12 4.14

lIcipiant Delaminalton on "C" Plate
-it

4
÷ 1.2 0,192 8170 0.483 736 4940 1020 0.36e 874/874 481/908 300 1.00 1.20

Dolmin&ated on "C"1 Plane alter Test
1, 2 0, 187 8600 0.487 05Z52265 . .. 888/888 816/787 87 1.11 1. 33
DeLaeninatad on "*C" Plaow altar 5 Secoands

4R+ 3.2 0. 010 15200 0.467 478 4910 109 0.19 648/848 537/539 600 3.38 t. 10
-s.+ 3.2 1.01£ 34700 0,480 7 01 4920 109: 0,t9* 873/873 "-/320 900 1.19 1.11".6R 3,2 - 1 017 13099 0.486 31£ 40 55 0,350 786/719 521/547 650 1.01 1,23

a .0.65 "G" Axle Plarallel to Arc "C" Axis Parallel to Arc
-SM 0,33 1.07 3940 0:486 900 5690 161 0.30 501/34. $29/197 82 0.91 0,90
:6M 0,28 3,05 2230 0,482 310 4695 79 0.30 900/349 39Z/239 Lao 0.98 0,92
'7M 0.3S 1.08 4815 0.482 710 6100 208 0.3 49S/139 27S/170 70 0.94 0.91
-aM 0.36 1.09 9745 0.45k 910 6409 351 0,41 489/344 229/147 64 1.00 0,98
-IM 0.32 1.06 3215 0,482 480 5610 164 0,35 506/143 307/175 % 0 9£,
-WA_ 3,2 0.030 12000 0.486 441 5380 230 0.58 456/172 271,121 S00 1.1t"-9Rk" 3.2 0.319 7230 0.486 636 5530 210 0.48 500/147 351/199 ISO 1.14 1.05

R01+ 3,2 0.916 7260 0,484 781 096S 222 0.49 901/347 389/206 120 1.17 1.06
-3lR+ 3,2 0.20 9960 0.487 960 6190 368 095S 431/22 299/106 110 1.10 1,06
-I2k+ 3.2 0.014 32•40 0.486 371 5880 176 0.60 518/34S 2971159 900 1.14 1.01

4
Tranamissvity factor equaIl 0.86 for pyrex windos, 'Final leang

t h 
Is based on •aauremenst prior to aotioxiegil thicknles

*Sulcrte radiation values may be low due to requ•lrements for critical reters tolongth after sectionieng,
alignment caused by utilisation of oe-hall inch diameter .ample.

Mateial T aros. MMatrial Degradation Zoxosure Recession
Simsps No. oi Recessio Recessiorn Mode Time Rates Description of Motion Pictulre Tilm Cerlag

BPO (5.7)

"A' Plane
.1 55391 1 330 130 Osidation 1l.0 1.01/3944 heat-uip from sides to canltr paI• llel to "A" &sAl, aide

r•ceasion observed
-2M 4580 334 346 Oxidation 319 2.91/5238 heat-up tram aides to center, side secession
-3M 4660 adS 240 Oxld Th. Shock 90 2,6714806 heat-up front sides oeter, aido trecestoo
-4M 4940 230 224 Cald + Th Sihoek I 5 1.99/S312 heat-up trom sides to canter, aide .ressiaon
.IR 4480 3914 166 Oxld + Th.Shek 300 1.22/£|196 heat.p paral•lel to"A" xia, oWvform recgesion
.2R 4831 71 101 O.ld + Th.Shock 197 i.7'11316 delamlnated attr 40 11 sector rated ktp
-4k 4410 311 309 Qoldatio 630 8:U l , + part,0 to " asts, u.... . o ,m rec.esel4R 44 . 09 Oidatiso 6h at-uprllalto "A" xI, sciU.fom rse on, somesureface activity On front face
. ol 3 Z10 644 6 Oxitlielon 600 0.40/720 heat-up perrtWlio to "A" axis, uniform aacossiotrbande

noted oa front face

PG (a -. )
"C" Plane-5ln 5230 170 14% Oxidation 14 1.77/3186 uniform heaving, hourglass oxidation

-6M6 4235 108 33t Oidatio 10 0.9/1666 no fllmscoverage
-IM 3840 1 2o 169 Oxidat on 70 2.41 4338 uniform heating, haurglass oeidation, spickied sunface
-860 5945 260+ 197 Oxidation 64 1.09/560 uniform heating, huaglrlss oxldation, speckled surface
-96 5190 199 1 368 oxidatisn 96 l.75/IS0 no film coverage
-1R 4910 189 01t Caidation 10 ,501900 uniform heating, recession
-9. 8050 147 159 Onidatin. I50 1.01/1181 little activity, unifor• recession
-lýft 5109 144 141 Osidation 120 3,18/2124 little actinity, unifrn' rscseion
-l1R 5830 171 168 Oxidation 120 3.40/2520 unitorm heating, recession
-iZk 4620 023 166 Oxidation 900 l,21/372 unifornt healing, receesion

+ Gross acoealotx is Y.erestimtsd beracs.. of chipping or erosion at tRf sslion rate converted to 30 minutes ac Limos bits.,

back face,
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SUMMAR"'7 OF ARC PLASMA EXPOSURES OF Si/RVC(B-8)

Meoonial Calculated Temp. atab,
3.mpL. 14o, III '04 Ratio TICALCI/TIOB0)
Aa.otned 8_1 ,T Aor, Computed .im tol Walt 7.9 . -1 0{t4el11
Emnittanc. Macb. 1. q, Radiation No;ýnal laital. Fioal Expo..or. HelTank -telTaa

-. ji -t - Har TrZ...afi..r
lb Itae abai It arc 6Thn$F ,,LT-'

ItmilIfE lin I "'I

3i/B VC(IlB)
. 0.70

-11. 0.3 1.0 46004320 10 9, 0 714/717 494/449 73 11,9s 0.90
.21 0.33 1,0 430.0£1 940 * .47 6 96/691 522/919t 77 0.96b 0.02
m31.4 0.32 1,0?7 3790 0,S0S 999 9750 280 0.94 7 19/7 10 541/901 279 0.94 0, 90

-4M 0 .31 1 .0£ 3770 0.9 05 479i 42 10 1007, (,),1 73 1/739 7Z9/727 040 1.21 1.1£6
-9MAA 0.31 1,06 3720 0 .90O1 470 429S0 9t4 0 .67. 724/ 7 29 --I-- --- 1.21 1.210

Alter 719 aotoanda, Ic ntp,.ratorr aod I..o ini..,or,d to .9111
-5MB 0.3 S.6 720 0.93 470 9170 1 4p 0'.318 -- 1-- 90/52H 70" c ,97 0,99
.6MA 0.2106 391 0 0503 910049 0 0.69 £919 --.- . 129 1.2-6

Alter 90 *ce-oodt, tiripealor,. ant adwt.,oit iharip-d W~ h6Mb

RP 03210 19150 a.503 520 S~ is oo 0' 0151 .;,;/ ... I I9 0:,17 0,95
-R 3. 0.O 93 0.0502 415 4000 174 0.70 10041 1/749 70o1/4 H 9 0011 .0

'90' 3.2 0.026 10090 0.90 SIC 9120 all7 0.62 101.1/719 7b8/491 91. 1.7 .9

108 1.2 0.030 0053 0.503 1"0 4460 1 29 0.6 ll/btlll 7-17/ Iq1 700 I 1910
-110 1.2 2,139 10170 0.0 69 929 07 0.7 11/73 6/19 2 1.23 1,2

*18 , 021 .350 ,02 968 60330 926 . 1017/719) 67 9/11.9 I160 1.1..1
-136A 0.1t 1:.07 306 090 449 4a,13 It 2 0.5 2/2 ./. 1,11 1,211 1, 17

Mil11 0.0 1 i0 320097 449 929. 1 01..... 362/11.; 121 1,7 09
-1:. 01"0 1.01 9400 0,9011 400 99040 19£ 0.44 707/708 042/1.19 %1. 0.91I

I19l1,9 0.,20 1.01 3020 P'0 9 69 9 .. 0/0 ~ .. 9121 12
.196110 0,00 1.03 3120 0,601 299 0910 109 0.1,0 .-./ . 70.1/01 t 77'. 1.1 a1,3
*61.l 0, 17 1.012 2%200 0,9s064 220 120 !(1 

1
'l 0,19 76,0/762 11 71/791108"" $,1 1.1

717N1 0:,08 1.07 ,29110 0.900I 397 Ill1. 90 0, 60 721/ 490"I/14 I111)I 121
.M 0 I2 g.6 019 0,90 080 1170 S9 0.7t7 721/728 729/01 bIl I,0 1.1

.1919 .1 102 009 0.97 02.0 1700) 71 0.10 716/O1l .../..07lO12
I 61. 11 1$ I.02 001 0. 971 Q2 I 0479 9.0 (1,0 /).. . 719/7074 77').0 1.14

.01111 2, "' .11 t O 0' 227 0079 20 0.67 ý1091/7;10 1054/7Z8 1411' 1,0, 1.71
1.21068 2, 0 )1 6110 ISi 26 a01 08 0680 10 Z9 4104608 1 t01810 1.60, 1.7;

* Sr,,,-ri~l,, ,..,ioo ittoli I,, oý ; , h rr,' h262 , 3 01r . U11 4ref.o

r-lil II - 1,911 n -- 1ii' . . . - - -

1110 16-111

.9,,h1 7411 1,,4 I S.l '01 li0i.,iii.,iiod0 1 82 8 I.

.1011~ ~~ ~ ~ itl 0.. 21 0-1'."0.."I,, 1,110 .. /00

.103 II ' 0 2111 090 17i0, c 9 .. .. 71

110 17'Il 27.2 20V 19.Ooi o.' 20 I 0/9, inti o.'.,o alr e

06111 Ol41,o. ki 4.oi",tit 0101/,. al.,

IbM 2700 7b 8 .11 P OCtnim,I"i. 1110 1. .ilir. /11lk~ 1.00, ,,,,Oi ,II

171,1 t00~ ~ ~ ~ ~~1 201 110x~~ 111i'.t111"1 911 fl)012. Iltlotll(AiO 1 t , ~olt.t lid,.~. .,,hI..c

'1 6 0 0 1. 7 0 0 0 I9 (0 i 1 , 0 0 . , , e m I 7N ,) ) - . 1 O , , . ,
-2010 .70,0 U, 0S Nil I7e~t,, dg.t /0 ,10 pr. 0 a rl I,
200lo du-'i 0h" 02.Ilnlm., 811/2 Iii
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TABLE Zo

SUMMARY OF ARC PLASMA EXPOSURES OF PTO 178(B. 9)

Material Calculated TemperatureAssmpe No, q Ratio T1CALCI/T(OB$l
A~saimed Surface Computed Coldi Well Fay and RiddellEmitttann. Mesh P. 1. D qcw T Rattistion Kermal Initial rie•I Exposure Meet It~ie Heal Tra~nsfer

0. 1 . ,61 No, .t DTU • 0TU "it BTU Ei.o , Lo. tt' Time CoeffLcient Co.fficientr

(msil) (re0l1

n00176 (B9)

)0., 0.30 1.0* 1555 0.495 050 5375 193* 0.49 1080/1004 7861759 a3 0.01 0.70
-3M '0.34 1,03 205 0.495 245 4650 94: 0.43 109S/1104 83Z/829 100 0.93 0.90-3M 0.19 1:01 3950 0.495 570 5410 111 0,S1 110011104 :44/100 67 1.00 0.95
.4M 0.31 1.05 4770 0.495 700 6Z00 Za0' 0:36 135061 91 1781 58 0.94 0.61
.SM 0.33 1.07 SS90 0.495 940 6445 175: 0,45 1071/1010 7991801 54 0.97 0.90
-630 S.1 0.011 1190 0.495 371 4Z50 103 0,01 1377/1013 909/607 1000 1.0 1.15
-T7,R 3.2 0.043 10800 0.495 443 4660 197 9,51 1450/1110 978/716 560 1.14 1.10.03L÷ ,3. 9,030 11990 0.490 090 5180 U3S 0,84 1473/1117 925/A?? S0o 1.&1 1.07
.93+ .3a 00 .0 16050 0.495 763 1500 364 0.85 1350/1091 q17/475 400 1,0 1.00
-1oR+ 3.2 0.213 11440 0.495 1035 6355 643 0.01 1165/1096 525/160 190 1.11 1,00

Surface radiation values might be In ot tor alm a severe aide erosion Fioal length i. baa.d oernm e...rn-ajwl•jpo to 4e.tlojola; thickness
4catlsed a iao

t
lnt change In ap@clsoen diameter. ratere to length alter sectimIlini.

Twanarmiil lVty factor equals 0,34 for 8ep3Sie. wiendO,,

M4aterLal T Ora.. Material Deradetton In posure Roce.,ioo
Sampllv No, RV OcsLo Rs q Ael" M4de 

T
im.- Kate* Dogariptil. of Motion Picture rilm cowee.*

seec 30 Mtn
wro iit ix.,t

.354 4915 397 35 is 0dalocn 13 5,9217050 rapid heat-vp of entire speclmen, hourglass raleleioi,
-0M 4190 350 375 .Idba"ll2. lo0 1.7TS,495S0 rapd Ihour8lasO ricebaIon
-). 4950 116 ,07, OMidatln 617 4.43/1990 aPIpd h.urglass rlc..eion.454 5800 07,3 376 Osidictlon 5si 4.76/S§70 tei4pl Iturgle.. recessIon
.5M 5985 379 379 otIda.o. I.4 .17/9100 rapid hourglats reiessien
:63 0790 tis 476? a Oldatln 1000 1 /i
.71 4340 473 19? OK lidsl:o. 550 .... /1191
-0R 1720 540 450 Os(46aln 500 -.. S1160
.9. 5040 413 415 Os•tdlion 400 ...- /172

-1Q0R S095 640 836 Oxltldti 190 4,40/7930 rounding of hoses, uniform riceislon

tt.erll| rate .lwlo. eu to 30, setU.Il lnear aI.,
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TABLE Z1

SUMMARY OF ARC PLASMA EXPOSURES OF

AXF-5QPOCO (B-10) and GLASSY CARBON (B-I1)

Material Calculated Temperaturo""ampte No. qr R atio T(CALCVT(ODS)
6smne Surface Computed Cold Wll F&y Cad AiddeU

E"Mt~ e Mach Pt I D qcw T Radiatit Normal Initial FInal Exposere Heat 7roeler Heat Traesa.,
AI 0 65, No. atm BTU UtI STU B0. DTU Emitoate. • L Tim. Cacfik"i.1, Coefficient

lb 18.*~i~l~. Ccottia)

MXt-5Q (6-101
POCO G*aphlte
e .0.fl

-5i) 0.30 5,06 3405 0.Sol 400 4020 140 0.55 006/635 629/629 103 1.05 1.0z
-010 0.345.06 46370 0.501 615 6040 345 o.3 040/040 6011604 76 0,97 1,01
.31m 0.33 1,07 5610 0.50k 575 0600 a0g 0.46 014/'0a 6501610 Ii 1,00 1,01
.41 0.3. 1,09 5050 0.501 .60 160 301 0.4a a1/6413 "43/644 61 0.97 0.91
.m 0.4t I., 91195 0.505 1060 6510 0is 0.59 0371041 4 6./679 44 1,03 1.05
-61m 0.31 1.06 3130 0.505 "33 4600 530 0.46 .36143 645/644 64 1.00 1.03
.7k

4  
a3.0 a 0 1.0147"0 1.,0 4311 49:60 117 0.71 11719/43 619/403 S00 1.0 asIII

.- K8 3.1 0.OI5?176 0.500 364 4360 131 N.1 11701630 71301364 900 I.ll 1.16
.-k 3.3 0.03414160 0.SO&01 92 00 1 1. 0.1* 11560140 610/41% %s0 k.09 I.It

.I0kD 3.2 0.11110690 0.050 0 lis M50 467 0.91 11011636 57311306 0S0 1.10 5.15
- +k 3.0 0.2a 0 11630 0,105 5560 62z0 356 0.00 1127/136 403/114 300 51.5 1.09
-SIRe 3.0 0.010 11911 0.502 514 3070 36 0.91 1131/654 7350/461 500 5.51 1.o7
-13k 3.0 0.00 5I0570 0.501 504 2605 00 0.69 1131/133 9 3/ 40 1500 5.59 5.17

G-a=y Carbouill.I 1)
Oracle 3000
* . 0,11

.- 101 0.31 1.06 3630 0.00 100 5440 193 0.44 506/135 ... /... 4S 1.0 1 0,97

.am 0..9 1.05 301 3.100 440 ' 4. 0 I 9 0,5.5 565/136 ... /31 35 0,91 0,91.3l4 0.00 5.03 376?8 ,50S 0 363 1000 547 0.00 S15/51 /4 1.04 5.04

.410 0.16 L,01 3300 0. S00 300 * * ! 45/1532 .......

÷TranmislSivity factov eqUal. 0.66 for sapphire window.
*lnImediato thermal ehoch lailutre on exposure to jet. 0 a Fime lea is based on measuremenl prior to .o0tionlnai thickness

resertte t ilnth ariettl cltitton.

Material T Gross* m#meflt Del r dation Vapolurl Ratel 0

m ,eo . .I Receia.on Rcl..elon odle Time kale 5)edcriptlon at motin Picture FIlm Coverage

PWwC0 Oraphit.
-SM 4360 111 I00 Oldetlloa 103 ... 16531 Aiftdorrm Keatig. slight hOW11glle. rCeeOmLeA
.01 13 •0 031 036 Oaidat~ont 76 --./061 uniform hogglni. hourglass recensionM 3 oo1140 554 Ox i.dai8onm 7 11 --. 14710 uniform healing. 35i5h6 hourglass rtoeleioo
.41M 5160 513 599 0114",8 45 *./15161 uniform healtin, hourslage rcesielonm, 6pskled u.lace
41M 6010 519 560 Os94d61100 44 -. 1.616 rapud healing, rapId hooglale raceesloa
.610 4340 5"5 1 1 Ox.t5i8o. a4 --. 14&&1 M onltorm heating, hotarglas recession. , epoklcdoUrfac6
.71a 4510 060 359 ox5dit.55 05o ...- /0l
.aR 3900 440 444 Oxidation 9O0 .-.. 18l
-*R 4910 481 406 W45da.tion 160 --. /1190
.50R stso 5?? 519 Oxidation &s0 ,11/316S6 Uniorm receseion
S-IIR 070 724 715 Abttlion J00 4308 UIfSorm hosting, reteesson,
-12R 0613 363 191 Ablton 1500 472 Uniform healtng, retcelian.
-13R M041 196 530 Ab1*iln 15600 000 Uniform heating, reeoalou,,

Olavoy Carbon(D- Ill
Or&`10 2000

-I 4990 ... ... oxidiation 45 .... Hourglass recql§eoai on1ge metted, them rear of
:r~cIMVh in teld, tII nfrt late mu+_lted.

-Id 4990 -.. 104 Oxidatio. Is 5349 Hourglale recessi on t

I M 4143 4 i5t Ox5idation S4 4567 Hourglass reesesior,"4m .... ... ... Th,.3hoci .... .... ThermoSl eheoked immediately.

elkseelnial e vale coiaort.*4 to $4 milwio.. linear IltIs.
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TABLE 22

SUMMARY OF ARC PLASMA EXPOSURES OF HfC+ C(C-11)

Material
simple No. qC 4 CetalatI d Teuu AT rature

Assurmed . qw T Rurf"ce Computed aio T(~tcl /2T (0311)
Emottoacs Mach _D w a dti Nornmal Cold WaR Fay and Riddell

at I - 0.60% No. atrm BTU (in BTU ' BTU Emttanc* Initianal Lxpo.ure Heat Transfer Heat Transfer

o6. ft sea Ti hm Coefficient Coefficient

(Mile) (mile)
itC + C (C-1l)
* 0.60

•55M 0.35 1.07 4670 0,456 635 5710 053 0. i 407/407 406/344 Ills 1.03 1.01
.2M 0.36 1,08 5320 0.456 715 5515 309 0,71 406/401 3,0/313 1800 1511 1.50
.3M 0.37 1.09 0790 0,456 715 6580 538 0.6,1 416/406 237/208 66 0.95 0.90
-4M 0.36 5,08 5200 0.456 755 6710 465 0,49 408/404 261/2S6 45 0.92 0.90
.05M 0.33 1.07 3060 0,464 495 1250 Z44 0.60 413/41Z 443/362 1800 3.04 3.05
-71t 3.2 0.2Z 1 30250 0.464 889 6340 6.8 0.05 715/400 515/563 60 1,l5 1.09
•11R 3.2 0.191 10100 0,463 801 6320 368 0,49 752/394 479/0 100 1.09 1.07
-9R 3,2 0.125 11770 0,459 709 5360 266 0,69 714/405 601/365 300 1,17 3.87

-10R 3.2 0.066 Il8l0 0,459 614 2330 376 0,73 714/405 726/385 1800 1,04 . 19
.ItR 3.2 0.011 14370 0.459 315 5240 000 0,71 714/401 724/381 1800 3.09 1,04
.•254 3.. 0.017 15420 0,459 756 6000 305 0,50 714/596 600/086 1S0 I,16 0.97
•13M 0.62 1.20 2590 0,456 565 4865 599. 0,74 479/42. 442/364 766 1,05 1.010
.144M 0.43 1.12 3490 0,455 9I30 .9640 037 0,50 407/103 437/146 1300 0.96 0.94
-ism 0.15 1.01 3830 0,400 215 4325 65 0,o9 481/415 S29/361 1800 1.05 I.09-16M 0.17 1.02 3570 0,426 510 4900 A00 0,39 42.1.'095 499/341 5800 0,02 1.05
.17•M 0,14 5,05 3400 0,426 090 4520 08 0,35 439/437 481/405 1800 1,O1 .00
-. tA 0.21 1.0. 64840 0,4t6 740 6670 409 0,44 439/438 ...- /-. 60 0.95 0.93
-15M. 0.2M 1.05 6480 0,406 740 0850 155 8 ,09 ... /... 6740 1,.0 1.06.•19R 3,2 0,029 9160 0.427 750 6050 103 4,40 752/441 7)4/410 45 1,1 0.89
.200R 3.2 0.180 9040 0,427 791 6173 529 0,40 751/440 623/201 to 1.50 1.07
.21M 0.27 1.04 6330 0,440 660 5900 283 0.03 45/450 43S/4o4 100 1,07 1.0
.22M 0.28 1.04 5960 0.439 700 5730 208 0.57 444/451 417/5008 15800 5,09 k.00
.235M 0.30 5.09 6130 0,440 740 $570 040 0,o3 459/403 416/374 1800 5,53 1.13
-4R 2.02 0.204 0000 0,440 608 964 2066 0.06 702/441 768/409 100 5.54 1.13
. 254 0.2 0.204 8610 0,439 748 5690 269 0,05 703/445 746/415 1100 1.58Is . is
.065R 2.2 0.200 8340 0,439 699 5620 206 0.55 755/448 767/416 1800 1,17 l.ls

e Final len;th refer. to meaesrement after expoacre, thicknesa refe•r

to length after sectioning.

Material O -rose Material Degradation Exuipoere
Semple No, F Receselson Itee.ieo Mode Tt Tltc Rmecession

TmiTs -rTs' "mTec.o''• Retv* Dseription of Motion PIcture Film Coverage

lII , C IC.ll( 3"0-i1n'

• IM S50 -79 09 Molt, t Oxid, 1185 650 Melting, stteburet formed.
-2M 54 5 00 78 Melt. , Oxid, 1800 78 Melting, sunburst formed st angle, some molten droplets,
IM3 6520 179 000 Melttlg 66 0400 RAped melting,

•4M 62s0 146 540 M*Illmn4 0 59•0 RapId melting,
• sm 4790 .30 50 Oxidation 1800 50 h.eavy oxide, small uniburst, hotter at edges.
.74 5880 196 1t MeI ning 60 Ill0 Melting throughout ruie,
.HN 5060 253 394 Meltlng 100 7092 Meliti8,
-9K 4900 !3 46 te, M OsdS, 100 240 Sunburst tormed, little additional aulivity.
OR0U1 4870 -12 20 Oidetian 5000 00 toSlw heatup, aides gram aidewseaside telensd,
lit 4780 .a 0 n0 0 11d1ttev, 00 tO Slow heatup, ielldr er grw c sa thickened.

.12n 5545 114 IhO Me Itin Ido0 1500 Melting ftrrouaghout run.

.13m 4405 5t 64 Oeileton 766 152 H4avy oaide, eomedge cki1ploi.
-14M 5180 .30 07 Oidatlet, 5800 57 Hea vyy oae, erne ed, e chippig',
.i5M 386 a 48 47 0aitatile 1n00 47 Pul~y Kside, seas edge chippliln,
.• 6M 4440 .76 41 O QldaWtiwi 1600 46 Extremely heavy .oide.
•517M 4560 .42 32 Omidatlit, 1800 30 Hsavy oxide, an.a edge chippilri.

18MA 6250 ... Melling 60 ... Rap Meitlng.
.IBM51 539t) 1 ;17 210 Oid.atlot 1740 Z,30 Solidiled In eunburet, littie activ.i
-19R 5595 .511 31 Melt. 4 Oid, 45 1240 Slow melftie, •esmpie fractured ae4 lill.
-2011 573I 228 250 Melting I0N 35411 Coetiltoue melting,

I 21M 5340 20 46 Oldatlon 1600 46 Melted into sauburet, aide *conle•tued to melt elawly.
.2,0M 9270 V7 69 Oaidatton 1000 69 Melted Into saunbret, oaide continued ta nelt 1lawly,
.2554M 110 43 79 Onidat0le 1800 79 Melted into esubures, oside continued to mel t slowly.
S?4t 051 -.l1b 32 Oxidaten 1800 12 Unlifrm oxidation, little activity.
.2511 5I30 7 13 1.Osidtsis, 5000 02 Unitform oxidation, little actllty.
.2611 5560 -1 31! 0aidaeton 1000 32 Unfori oxaldation, little activity.

4 Receisratio raise co•aostoil o thirty minutes an linear hbeal,
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TABLE hi

SUrAMNARY OF AR~C PLASMA EXPOSURES OF ZrC+G(C-1Z)

Calculate6d Temperature

SarA No. 43,3 41C aioCAZX)7 T(018(

A '*ad .,( . Cc.tpo3. Co1d watt ray &ad Ridd.ll

rymittar... Mach1.6 . I. D a T o' "d.83633 No.ma3 lo383h. V1.1 Eu.po*1 N4ear Trestle, J0.-3 T,.:.I.f

at 1 O.jb,0 No. at.o BTU j~ B0TU 04 BTU I4t.3.330 LPh- Ln& h' TLao* Coefficient; Cg.103c3...o

3b It0 a ~ os 064so - ~ - (.lis (mile)

ZrC * C (C-121
*.0.609 .1l

-3Ms 0,3 It.07 3900 0.464 600 5310 086 0.60 4302/406 4441159 30 3.3 30

.LM4 0.34 1.07 4070 0464 075 04B0 017 0.6 06 , 100 4.34/331 =30 00 I3 .00

434 ,6 . 8400 0.464 6b0 6430 31 8 0.47 433/ý404 3110 0.:01 a0.ll

.4M. 0,3 30 4030) .6 7 10 .0 407/4003 435/303 lead .3 30

.068.34 1.02 40 .6 5003Z0 030 0.4 40V/407 3191343 3800 1,0 30
.6403530 4400 0.464 401 5033 04 3/0 313/3 4 0.3 0

.71,4 0.33 .0 345 0464 430 4963 199 0.7 0 4 7/41, 4Z6/ 370 330 .3O30

3.0 A0.0q4 3.3300 0:463 015 1430 300 0.75 7111411 7213/01 600 310 3,07 Ilia

3.0 026330,464 873Z 6035 346 0.44 710(41343/00 3,1 ,3

+31 3. 0, i1053 330 0.464 840 6549 41461 71334014370137 340 117 3
I.OR#' 1.2Z 0.093 3310050,464 0035 0790 0,1 77,31/,4004 I03/37N0 le00 3.134 3. 00

-36 ,6 .6 1004550075 30 .0 444/441 476/354 390000 09

:34M4 0.44 13,33 3405 0,40 S1 540 05 0.61 43l/40 44/1 30.00 0,0
I3864 0,15 3.03 01s0 0, 417b 030 4160 65 0,39 431/464 036/404 3800 1,01 -.0
136MA 0, 17 3.00 1400 0.46 )3S 4090 76 0.28 440(0 -1-30 .3 30

6.411140.37 3.00 3400 ,46 M1 4610 4e atL ..1- . 40/40 335 .070 .0

.1714 0.03 3,03 3300 0,406 700 6415 034 0,0 0107 -- 5 00 .65,

-3344 3.3 0.130 32 0330 0401 630 $835 005 0.47 74*/440 760103 1330 3.38 .3

+Tra0nomssivitY3 facora squall 0.66 far SSPPhlt wod.

6 inal length63o based up0n 03968/600mdat prirtot 30 t~sol 663060 AChnOast
reort1 to length alt.r fectiosift.

Met. rLA t T Q00o. Material Degradation r~p 4.006*30

sample, No. Or ftoa.38303 modsl. 1. 5.3. at Descriptio 01 8403308 Pokkuy. I'llm C-owrage

arc + C (C. 30/
.33/. 4850 .33 41 oxi4,t.on 36A3 .... Al4 droplest and o1iskeya at edges in OMARl suns0o3,

.M3 % 070 4 IS 1361330811 '~ 3./09/36 rapid Melting. specimen tell al/ Wed0

.414 4960 . 50 Is463. 3300 lat~.e seek hiskers. small .omtburs
-/46 64 41.63 Oairhmato.3 o drop3.ra ."'4 ots33.ri

-Sm 4360 06 66 Mollie3. 44 1.711 apid retitled, $p.otm 3338.6tite when entitled bass*
.64 600 9 41 15 '.~ 300 Littl4 e 313. .t3

3 y, heavy Aside lormal
.16 4905t .4 ~ al 434 ...... 41

009 3343 aelo
.7441 4915g as 30s9t0ood00 3 60 rapid mailing

-98R 077 01 404* maii. l4.o0 36000 rapid molting

.3CA 5030 1 0 31 003.1darof 315030 aps6ololll osek6 due to grap&hil bake.., tlldovm

-38 390S6 4 Oxidation 3800 6 4 powns as1.308.3
:, ItM 4430 10 so an 0.34.830. rostte 30d look 0646380

.643 470 -4 49 OR4.3w 3653Ilo eayoil aml e
she 4-6305 -- 1 64380 heav 406 eids o..368g d 1.03084ORIiO6

4410*ples.o~4 ~6 0014.4~ .o.o3y. ISO ~e34 so3. 80388863 oxidey weuw 0 3wa43
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TABLE 24

SUMMARY OF ARC PLASMA EXPOSURES OF JTIA(D- 13)

£.;.4l o. AN *FtRtioW(A~lTOS
A..-.d tt ~ ~ o'tttd Iita ial Lpar Cold W.11 ary and ki44e44

at Z a0. 6SA ao m AM BTU nj 3T1 A ORTU £oit144ic th
4

j! !jý s.... Time CeIc.n of~in

lb f - be f2. ie.) intilee orn

j TA (U.4 14
.0.75 9Z 1209I.Z1 1A 0.4 4/4 0:01 15 0.4119 730 45501 54 0.16 lois/111s1 1000.1/90 430 440 0.9

-005 : 0301.0 3075 04.4*5 450 40410 50 0 40 iOO4500 _08/977 181 .4 4.4
-30 0.35 1,37 4540 0.485 600*.00/00 --I-

Foot Disk. Therm~al Shocaked Otf Front Foc, i 04.5 Thtermal Shooked Off Front
-005 0.3 4&1.05 4575 0.490 490 --- -10... 100II30 --- 7-. 4

is. Diesk. The~rmal Shce 00. FrntMake. Therm.I Shoked Off Frot
-4 0.30 1.0? 3395 0.488 41.C 4040 55 0.44 98/7 7568 100 ,41

145 0.4 10.0 4940 0,488 550 5400 000 0.49 1 17 4.01 10
-I4* 0,38 1.09 640 5 0.484 80 1044/693 z.... 0

Three Disk. Thermal Shocked 044 Fron Three. Disk. Thetm~al Shocked ofif Front
-4541 0.36 1.08 43100 0:486 5606 00 190 0.64 99:8/645 4!6112$ 01441 1,4 1 401

-S 3,810 10 048 9Ss 00 !0. 978/50a --- 1. I
roe, Diesk. Thera Shced01 g Foci Dies TheralSoce 0Frn

-644 0.3k 1.08 4765 0.408 0 10 0080 435 045 9902/673 709/369 871a8 40
-7ft a. 0:074 0500 0,8 50 0 04 07 0001684 977/607 4800 1,40 4.4 o it s1 008
.804 0.0 0.5 1064710 0.490 770 5755 .. - . 407910 449//97110 040 107 097
.91t 3.0 :ý0.15 7050 0.8 774ý 0765 044 06 40390 0/7 180 1.07 0. 95
-101t, 3. 0.0 9/10 0488 940 61ZS 461 0,70 q998663 657301 100 410 4.03

-3441 &X 0,33 4.07 0040 0.496 638 5040 470 0.89 694/6802 01/9 175 .141
-3111 0, : .07 43451 0.9 410 030 40811 867 a.--/as.I 300 4.7 403

u)(3111 0.3 4.7 434 0496 630 439 Ila-- --.- 4/i0s 4500 1.06 1.21
-33MXIA 0.3 406 3855 0.495 840 484 4894 0.74; 58/82./- 000.4.4
-035013 0.31 1.06 3855 0.495 540 4395 816 0.49 1./- 3/0 600 4.4a .4
11AIA 0,35 4:.06 178 0, 4981 490 470 475 017 68/70... 30 ,1 40.345 .3 4.0 3100 049S 490 444 99 0.0 ..N. 4/9 55 .8 44
.hOa 033 4.07 4200 0,49 60 540 90 0.0 69/84 -. /- 005.8 ,0

-311 ,3 .7 4090 0.495 005 4365 .. -. .... 87/56 2,038 1.27 4 .10
.'34541 0,38'I U4.0 4960 0.495 780 5340 444 0,40; 692/686 138 43 1.44 4.00*)7d3 0.36 4081 S30 049 86640 44 0090/480 394/304 60 .0 0.96,
38* 0.1 4.0 0*440 0.499' 805 1438 460 0.39 693/679 407/400 433 4.4 .0-39501 0,05 4.08 0500 0. 495 820 5955 M1 0.03 704/677 2304/303 400 1.021.9

-40 M1 9,30 4.08 5738 0.495 849 5955 444 0.49 696/687 ... /146 400 LeOS 0.99
:44A1 M$ 0.16 4.08 5395 049 80. 9340 434 037 693/6 ... /.36 111 5.44 4.09
-432 1 0.7 4.3 340 043 5 650 6020 200 0.36 845/835 473/440 54 JI 0.88 085

II3A , 0.07 U.0 3460 0.437 44 044 344 0,59 so/ma860 /. 44 094 .9-434*1. 0.3 40 345 0.47 440 4435 2.6 -.. -. /- 7400 040 4.4 4.40
: .3 .08 300 0403 S0O 8490 0.45 0.5 89/896 ...-/--- 100 .0 59.4 : 0.371 4.08 33410 0.4001 800 4480 -. .... .- /- 7/4 110 11444.4

-41*A
4  

4.0 4.0 3050 0435 308 4840. 464 0.45 000/86 ... /. Z_4s,0d0 4.00
.45)AS 0.35 1.08 3063 0.435 388 4925 ... .- .. /- 717/654 4765 4.00 4.07

"Preeeidlned 00 minuotes at 6600C.

'Traoemientisyii factor equale 0. 85 for sapphoire Window. 'iInal loogt. le b&@eed en meaecrGm~IVI pr/er to eer tlooissgl tihitckes rtoere
to length after soctloning.

mteorrlal 0: Gen motor/ed Degradatieon aposore RcsIon
Soniple 7o. JF ItceeelM. Reoeee410 mode Time Relen1.. D~escription a mof tison Puilm Cnverodee

flA !D.1 3) oi ir-
0  

eo
Aim5 4095 45 as Oxidation 3IlaElo ovrg

-045 0 750 A 71 Oxidation 1830) 704 so flm in oetrge
.435 7A anlek I ,* e file cir.Oeeage

.M54- 75 lhftk 44 Ill844m coverage
-IM* 370 44 44 Gold.84e 1830 4 i~i?¶fnoeer~ois.44* 4590 450 451 to.idailon 174 So 041eocS4
.)54 ... T .. T,Sosecs 04 .. rapid oKidouioft, thermal sohck failure .lrnfo
-44* 4540 111 500 Onidatlen 014 oo liqoid oid. ootsinually bolead Hf-SM .. n TShock, 4 .... thermal chock 4.44cr.

.55 450 080 304 Qoitiattn 87 50d90 Iljc1id reid., rootnoelly Soiled eli.70. 4545 03 44 oxidatien 18100 44 notflm44 W* Tag

SIC,0 5505 544 004 Ge/tis 00 A9~5 osdamellirg,eai Imreeo.gIers onsdedoo..
.1011 4750 14/5 48 (OXtdlnttcr I7o . totore aritottsla/od to-A U.i..
3l543tA 474 t.S .. .. i.i.tIon 300 4978 Ototliret lorso-, el- maolting W oxide
- X 54*0 930 070 S70 On.lattoo 4400 970 Ahroogheou ruo,.
.IMXA 4385 .. . Oxidationi z00 Sacne of 34541

.0154050 4 3 30/1! Onlnieti/i 44000 a

-SMXA 470 .- totae a00 Mar." as $1454,

N OIXES 3905 S 0 "3 ~ mI=io 21 573
- 3454 48410 100 5 04 0ndolc 144 7603 Front serfe'.r etelsed throogiioo rur%,

384.40X 4970 56s 074 Qoitiatitt 434 7807 Fwrod *UPlC&- seeltet thruiohow tone, receston

- 1961 S495 490 474 Oe/d~to01i 400 40I Fire g~redt S alU& imeing of Iron s lc,* than rapid

:40MX1 %494 444 e,1ttt,0 71740 Mar 041

.4054 N460 30 404 Mr/I/o. 94 44960 1t ittidloeistr/4trlh
.4/1MA 4980N ~... Mr/i/nj 11 (id itield l/,1o111, so "1111.1 In ouc/soaletot
.4151 M ol 49/ I01 /e/ t9e 0 .1 t11 .450/ 50 sdtittiosiol noneI/loi
.445l%40A solo .is Q-r/1ton 00o

* 454MA 440 M. I M /inj I0 Nttl tititog , 1tt/ dirt 'n st/h/to 04.
.04Mal4 4054 446 007 Coto 0 . I/sO 205

lleeesosset e/hor/e t 40Ititithee all boar toele,
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TABLE 25

SUMMARY OF ARC PLASMA EXPOSURES OF JTA(D- 13)

sampi. No. p~
aem od qcw T Surfac Cometoted

A d e D Radlauon Normal Initial Final Expna.re Cold Wall Fay and Riddell
=tnlrtitO. No. Aim BTU L TU o R MTU Etoltante Len th Lon t Tim. Heatf.Tranafel Hast Toan•aro*

Oh 1t
0

.ec nit. 1t~.o Irntl.) 1rnlIs) _ ,oeiccn..

JTA (D-13)

.4,.M .0., 1.01 4070 0, 04 3780 4225 98 0,65 689/684 */" 100 1,19 1.18

.46x4110 0.1 1.0o 4270 0.504 379 440o Izz 1 64 BU,

.486411M00 0,17 1.03 4670 0,�04 376 4045 139 0.69 */ -- - 1800 1,10 1.1

-4SMXIV 0,17 1,01 4610 0.04 370 4715 143 0.62/ 1800 1.11 1,09

-49RXI 0.1 0,057 9690 0.503 440 40765 162 0,87 .... 1.

.49111 q. .0 600 0. 033 446 491 174 0.64 'a 10.- T/ - ./.-.. 000 1.1 1,13

.49R1101 3.0 0,057 9700 0.503 440 4980 184 0.64 1800, 116 III

.49RXIV 3. z 0.155 9440 0.503 340 4635 176 0.69 ?976/640 1800 1.19 1,13

Note: s..mplea 0) cut drom tylindrica) billet perpendicular it billet aXA *pFinal t•rlth refer. to mt, asuretntllt after expo.st•e, thick6ese refers

Ipei....In dired.ton), to length alt- a.e1t001t4.

6,st.1ial elros. Material Degratio Esp..uor

Saple No- -• Ro .. .....on .t.lro Mcdo Time 1o.

JTA ID-1)

.48MXI 3765 .. .. Oxidation R800 "Oltlov (oritod, Il•w oto•olvn In irreulatr tmt•to'.
S164MXII 40U0 ... COlodal•not 180 '". No chanrge lruo o y,, I1, light oAide weti1••.
.486411 4085 ()'1 *. d onloo j800 ... No 0tlert:;o cyl:t,, ý. cyrhIt II, 11i1ht oxide melting,

.44 MX V 4Z0,5 5•0 1 Oxidtation l 0000 !0 N. change yromttyy|i Ill K *tt1ht 080 ou'tinj.

.49RX1 4305 ... ... OxCidt ion 1800 Slow, Spotly x1id,- Itolld ip to utnkor m layer,

.49KX 1 4450 ..... ldatlon 18011 "'. No 0hOnt0 rutx Oye. h, d, it0450 lOe ypWh
* ¶9P.X0Il 4920 ... *.. .. Oxidation 90 0 hitON 01g. fruto, 11, ItI N, 0lh-'Vht eie uhtp1'inng,

.47RXIV 437S 49 4S OxidOtlim 111900 N" oumtc (Irot yIty III, .116ht edge chippping.
OO• ohntrttod ito thirty Iti/tln*t ni lltor a toinc i .
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TABLE Z6

SUMMARY OF ARC PLASMA EXPOSURES OF KT-SiC(E-14)

led e 091111611 . l.
mLmillasce, ItM e" D qcw T udiatiol, ose

.63 .0.6 No. aims BTU W IBTU '5. BTU zI1nittaf. . oo•_____.._el _ Coefficient

KTM3sy- 141

• 166 0.30 1.04 3090 0.490 4610 3150 56 0.$1 94)1913 903/963 140) In 0.1

.004 9.35 1.0? 5370 0.490 346 1490 03 0.3t 99119 1 1 "5/94, 1600 1,39 L.43

.3'6 0.39 1.10 as60 0.491 510 t140 54 6.41 9T4/914 994/960 615 5 1.93

.40 0.313 t,0 9 415 9 0,491 40 4130 6M 0.44 841/141 640/134 163S ,.Z9
.104 0.34 1.08 4910 0.490 810 4050 101 0,349 941164 --. 1049 145 1.14 1.1?

- 4 5 0 . 01 1 .0 0 4 9 1 8 0 .4 0 7 1 0 4' 10 1 01 0 . 04. 9 9 1 ) 4 8 0 . ..1 1 4 1. 1 8 1 . 1 6

.?M 0.315 1.01 31310 0.4"0 040 4'55 90 0.0. 59/678 919/454 1530 1.02 s1wIcollall Crack 13
-SO 7 0 - 1,1 4135 0.4"0 590 4105 so 0.664 905/678 969/644 l8s0 1.31

LemgI0 tstI6 Crack 6 T
W ". 1.00070 9700 0.489 461 '10Z 41 0.71 991/474 9MA"446 1600 s.o .

.0p. 3,3 0614 1100 00491 7?1 5000 H63 3.40 9901649 10l3il 160 1.2s
S 1 1136 9 30 49 0.63 991/675 916/45 1800 1.47

.4k 1.1 .0 7490 0.441 49 4910 o0 6.63 9901 4171100 170 .091.1

-5+ 3,3 0.04a 11710 0.411 467 3410 44 0.65 990/672 971/456 G000 1.7

3.$ 0,100 11010 0.490 497 4411 9 1 A .19 9 9901/4 5171?01 g00 1.34 1.10

.1.+ 31. 0.097 10400 0.490 46 1500 S 59 0.14 99J6+$9 979/450 1800 1./4 Ila7

Tnassmissivity fatotr .quai 0,06 for sapphlire wIndow. Fi.n leato# is h6..4 on moaelrleltao peter to ..oOlomili thicknessrotors to &taol after sw~imming.

U6tor1- av0oi Material D etLm E1m poures I
sample54. N __ 8.oA.Ioo" 8,e..1a" Lo.. ww. .5. 0e4140 of 546..Po to,. V iclu lt JLW Oersem

KT-ILC (S.14)

-:4M 31"9 .0 0 Oxidatiol 1$383 0 Idqhitdpresold. b•bing46 , droplets hwopt to outsidle tin

W30 $030 -3 3 Oxidation 1604 3 mc t.l.6 coverage
.- M 31000 .10 4 ouldstio1 646 II Liqud 4 promie. bubbihng. droplets swepl to &Asid4e rIm

"-.4 1470 1 7 Outstation 13o 7 so O lo 0ovrag1e

-6%M 4140 ... 410 Onstd 4 Vapor 164 40)7 rapid ablatlem
-414 4410 6 - "a0 Od 4 Vapor 5"4 9814 surface Activt y 4. 1lquid Oxus, rapid Ablatio
.AM 119M I 10 0.4watio 1130 31 liquid oside. bubbl41 duo to a. evolution
-54W 3646 16 34 ost4detloe 18130 5 Liq 4 I614., bobbling ds to gas i voL11OIud

-.1 aU11 6 6 0.5d4lt6 1100 so = Pa1 o @0e6

.06. 4640 678 664 Ovid 4 Vapor 1"0 7168 rapid rscesslio
-I.. 31.60 is 7 00141o0m0 1600 m No 1511 0 0 ev

-4R 4460 ?13 "1 a 0i 44 Vaolr 170 604?7 w1i0am 6l6lagi*, 564dd4 brighwalago them rap54.aporlolltoa
-61. W1e It1 14 oe.l54lO5 g0o 36 ldomn histsig, little 1Activity
-40, 443b 473 443 Mi4 + Vapor 100 4547 heated from 1I2d l to 4601,I1 aot..ooby1,polllOm
-l so4" 11 14 O4 0545e1 1600 34 unlom hiomlma, little a0civity

8.cal4,6 on 6 0rate ,oav..Id to 30 1In16411 Oo linear basis.
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TABLE 27

SUMMARY OF ARC PLASMA EXPOSURES OF JTO 992(F- 15)

Maternio3 Ca~colaoed Temnpanltora

Sample No. q, IN1RtoTC:J,)TOS
Assumed S".hc' C•omputed Cold Walt Fey Tand RiddellItmittance. Mach P. D q- T Radlaion Normal Irltla4l FIma Mqour. Heat Trataf.r Hoot TransferAA..!L ND, • .atlm -M ji STU oR. -BTU xmtic e8•Lnhe •C fficient .iion

lb ft2alc obo It eat(mile) mils.)

IT 942 (-atS)
T0.75

-lId 0.43 1.10 3 140 0 6417 670 h160 219 0.42 1034/ 038 462/420 377 0.99 0.99-2M 0.36 3.07 2106 0.4"6 430 3930 104 41.9! 1033/10.1 --- /999 1173 1.19 1,06'3M 0.40 1.10 4286 0.457 770 339 348 0.87 10S4/1054 735/692 300 1,07 1,04.4M. 0.40 1.10 4900 0.488 860 $370 227 0,56 1034/1034 61@/663 480 J,12 1.09-6Sk 0.49 1.14 3340 0.467 740 5030 160 0.93 1063/1063 645/619 483 1.11 1.09.404 1 0.36 1.06 463 014 3 660 4600 242 114 016/1016 970/9 161 1.22 1.17-40 3.2 0.013 7300 0,499 1S1 4470 46 029 010/1010 969/91. 099-:R1+ .2 0.014 9720 0.483 5 16 4843 97 0 374 990/990 99S/908 1600 0,98 0,94"ItR 3.2 0.014 13700 0.489 308 5610 184, 0,46k 1000/o000 1000/971 1600 0.97 0.94-R : 3.2 0.027 14630 0.407 900 6.69 213 0,430 958/966 860/666 1200 1.03 0.98"-J+ 3.2 0.367 9 .40 0.419 960 60IS 1140 0,180 1003/1005 667/668 130 1.10 1,01'2R+ 3. 2 0.'3? 9390 0.488 145 6390 3930 0.6`0 94/994 597/594 110 1.13 1.09"3'+ 3.2 0.163 8470 0.489 790 ... .. .... 971/971 ......-. ....
Four Dishb Vh rm -I Shbockad Q(# I'To,"7R+ 3.2 0.013 96400 0.468 224 .... ... .... l0l'IO1Z --- /0... ....
Two Disks ThermaVl Siocked WI Fr.otI

Tranaminvi o 086 1, 0&ptlt window. £Flnal lngIth Is based on melasuremoent prior to sectlonling, thicknessSmlties rediainalues may be low d-. to r mnt for critc.l crs to li-tlh alter sectionlg.
allgnmelnt -u..d by ulilalnation o0 One-half inch dllo.et.r sam'ples.

Material T Grosa Material Degradation Exposure RaCed0o.n$am pie No, • tir I* pq 11Oin , .1Description • D Os f r M94c "o c Motron pitir. Film ovlr

3T0991 (r- IS)
-1M 3703 316 618 Oxld 4 Malting 177 1946 l rrnad(ovloun, bubbllng, oxide aln~ttl eonhooamtt c~igtlr4tlrn"2.m 3470 "j" 34 Otidation 1173 3| 53 =o(d. 'e-llon, ittle acttivity, sample vibration.J1. 4930 t 19 361 OUnld + malting 100 472 llqu.d oId., stringer., sunburst configuration•44 4910 416 481 tld + Meltlng 410 •604 to film coverall
'-.•4 4070 418 444 On ÷1 + a0 485 164,11 .1 flm ,0oV0ra.64 4140 46 61 Ctld + •4 1 18 6o (ine touerage'41 3810 41 03 Oxldatio 1300 63 little 013131t7, nitght oldaotten'SR 4383 -& 22 Oxlidatlon 1300 02 1TtOe actIIvty, slight nlldaltlon.60 4920 0 29 Oxidmllin 1300 29 lit' , ctilvity, slight zidstl..
-SR 56US 126 III Omidatieon 1200 49II S uk -t1i , h.oleag,omld@ maltlin, outbur at(o emation, unilorm re c a . misn.1 6339+ 356 337 Olid +MIl|M 16 449 totdn 11o tlon,. recesolon"O"R 660 397 400 COld + MIalIng 410 6s44 kids, melting, recesslone

S-.. . . Tb, Shuck .... ... ei:lamination
S ..... TK. 3h.11k .... .. .IseInat~on

kocle•ei . 003 verk.d to 30 minulte olt inear Ineol.,
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SUMMARY OF ARC PLASMA EXPOSURES OF JT0981(F-16)

Maltarlol C. IcoI~lt~d T emjie p Ilarots

Simple No. N E'ioT(CAC3/TIO501Assumed 3- o f-a~ C-mpxtd Cold Wall Fyv and Rilddell

E.,tt-nls mock P, D qW T Radiatl N
5

ormal Initial Final Espo.ur. 3 H3at Trnsnfer Host Tr•&f.r
.) k 0, 65p No tm LT! ol DBTU -R BTU Lmiuas.•o Time C!Ulic•1ios Coe.Iffi.o

lif*. . l . s. X -. r.U T5b ( s * (mile) (mile)

JT091l (r.16)
3 .0.75

-21M 0.30 1.05 ZS6S 0.419 40---- .... .. .... 1077/1077 ---- ........
Dis DIsk Thermal Shocked cOf Frant

lam 0,0 i .06 3230 0,490 4bO 4330 60 0.36 10s110o5 ----- 1630 1,16 1.10
Thsn.l Shocked Alftr Tes.

-23M 0.33 t.07 4510 0.419 60 .....- . .... 104111041 ----- 6
Fila Diske Therinal I3ocked Off Front

.241d 0.33 1,01 4130 0.490 600 ----.-..... 107031073 ..-/--- 6
SI. Disk* Therma| Sho•ked Off Front

-•M 0.36 1,,0 4460 0.408 710 9S70 ... .... 1000/6M ... /160 115 1,03 0.99
0.. 134 Mil Thick Disk Thermal Shocked Off rroM

-3M 0.36 1.08 39011 0,400 670 5940 107 0.3Z 10001631 774/400 70 0.93 0.84
.411 0.31 1.08 3479 0,48 640 5450 192 0.46 98/165 603/266 140 0.94 0.90
-SM 0.31 1.06 0489 0.490 090 4370 61 0.31 1000169Z 9001/86 1030 1.06 1,01

-6M 0.34 1,0, 4730 0.490 670 ....- ...- .... 917/67. .-./..- ...
Fit. ;isk. The,.me Sbockrd O(f Froan

-71A 0.38 1,09 6160 0.404 950 ---- . .... 98k/641 --- -- ........
hres Disks Te rm Sk Shock d Off.811 3.2 0,076 9h600 0,489 s1a ... .. ... 0 7167 *--- ....

Thermal Shock Failure
.:9R 0 ,0 0,07s 9100 0.408 913 535$ 251 0.75 98/696 971/653 1300 1.I 1.06

1 R-÷ 3, 0.179 7400 0,409 747 S5R5 253 0 ST 10134/694 6%9/033 10 1,0 1,03
.10.R 3.0 0.119 741 0 0.488 ?e1 9600 074 0.9 1013167S 606/299 106 1,10 1,01

mereet Surface Derninatiox
.11 I 3, 0.20, 9350 0.489 950 6070 390 0.60 996/66? -. --. - 100 1..2 105

Four Disks Thermal Shocked off Front

Tranomlis.ivity factor equals 0.86 for sapphire window, Fina1 lsfst I. bIe's W o meaurement prior to 0ecti0f09, 1t3•ickness"l'elsse lbee site, sectioning.

Material T Crog. Gross D@.ra4Still Uprosue PSacealeft DJo
aplo No. Or Relesolf ecoIosI Mde Time so IDecri__o_ _ a( Mott _ Picture.Film Covere

JTO099 (t-16m
.lI3 .. ... -... Th. Shsck 6
-12M 3870 ... ... Oxd 4 Th. Shock 1030
I'0m .. Th, Ohock 6 .... so gum coverall.0411 ... .. .. TIll, e Sok 6 ..

-3M 5110 -*- 364 Thi, Shock 4 WA 1 0697 ikormal shock. osidation. b6ukbioq
-3M .48 1 06 231 OKidsi", 70 9319 boiling of liquid oxid.
-4M 4990 399 099 1 .id.tias 148 0166 16 blels, o liquid o.-sid
-SM 9390 iO 106, Oxidation 1800 0# aOn 'm aoverAli
.611 .. . ... Th, Shoalk I7I .... theirmal shock
-1M ... Th, Sh-ik I .... the rm&l sho•k
IR - .- Th, Shock 10

.9R. 4695 00 41 1.104%l 1490 43 litt1e ectrily, ouniorm aisidatiun
- 1R 5060 355 356 4old + Meoltlg IS0 471o oxide melted, molting mud rapid rscessiso followed
-1.0 134M 391 376 OK'd + 916%13t 136 070 oxide maelted, molting asd rapid rtrosstos followed
,iI. S614 . ... Th, Shock 0.14 100 ...W Ioogn (ace thermsi s•osked off dunisd heal-upa but

0 1d.it319 stuck to speclmen, lHq4id formed, then 3,0t .1
Imli s ad o inIstl1ql CoO~inOd,

Rlecession role converted to 10 misedes on iovsr bsels.
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TABLE 29

SUMMARY OF ARC PLASMA TESTS IN NITROGEN TO MEASURE

THE MELTING POINTS OF MOLYBDENUM AND TUNGSTEN

Mo (Accepted Melting Point = 5ZZ0•R, c = 0.65 = 0.30)

Measured Value (Model 500) = 5250+ 30°R
Measured Value (ROVERS ) = 5190+30 0 R

W (Accepted Melting Point = 6570 0 R, c =0.65 = 0.41)

Measured Value (Model 500) = 6850+ 110°0R
Measured Value (ROVERS) = 6710T 700 R
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TABLE 30

SUMMARY 01" AKU k'LaA23MA ZA1U6U~iU±( Uk,

WSi 2 ON W (G-18) *
Nope 4. q, Ratio T(CAL41 MTOBS)

Ae 4e Sui a084 Co VA.,o Cold wall For and sliddou
fl04umme Mooch - I D % lDadiaett. as ma Initial 3ror Hea Trnsfer Heat Tranhfer

All 0, 6 51, It*. mis BTU Mj~ 11711 OR BTU Elitism,0 ~ i coeficient C"Off.tank.
W8.W fir3~

t
0s (ie (Milo)

3501~1")*0 lOlS'Ab.,. 350011,. O.4011bsoeWf)

32A00 30 " a o. V 7*03444 16744 163 13si 1.34 1.31

-log 0.39 3.08 *214,0o.5o0 310 344 31 0.53 7§5/449 773/447 1:301. .3.414 0.30 1,05 2785 0.505 460 353s 44 0.10 763/1449 7791/44& 30 1,43 1.34
-M 03 3,1 340 0.304 *40 3008 25 oS 754 441 TOO 444 3830 1."44 3,9asA

3 
3. zoo6 10 0.504 4" 3*90 ? 04 74/115S ..*../.. 704 .0 17

-6.After INO socamda aft eseifflass dosaed of toGlsI 61/47 lc 1" 17
AA+ 5-132 0,005610 0.004 81 4 1*48 17 0.0 S?/- 4/3 30 ,431
+YL 3.a It 3 0140 0.150 783 4030 71 0.07 Soo14 -. 1.. 8 1,49 1.5Aft. 3@ ... emda, roa*.r~l li bor. Wo, ,ams sad o.d183...

change4to 73W., This may1 Andu o bI r boff of at he S still

:7012 3.2 0. k S0o io0 0.13 703 SAID 110 0.30 *-/... 7139404 10 3.3 1.10.85A+
31

.0 0,100 141 0 0.3:05 771 3965 43 0,03 761/4414 ... 7. *10 70 3.34Attar 210 second., roatolial began barrios and oadillimme
Changes o$3.111. Thitl may5 boe i to tours of eiat 5. rell

.&at $1 P.M1874130.5 7150 6061 16* a.& ..J.. 41/9 ok1 1.45

.30L3
9
3.* 0,01333114200 *0.101 45' . 2.... 71144 ..:S 10,00
Afler lid secondOs ar conditions closmorslto I Olt

:,0112+3.1 0.016 72`006 1. 05 134 4330 01 0.31 6 09/301 3040 3.38 1.19
-LAM .0,14 3.37 4(19 0 .00 5,0 9030 143 0.33 48/444 ..- ;;424 H1: ,0 1: 01-133k 0.30 1.0 424 054 130 830ll - 4644437 30/372 M* 0.91 094

.3 .0 ,4351 0.04 440 3030 82 OK,27 4540 ... /-. 3032 io 1OR
37M3 0, Z1 1,04 ý130 03.504 30 36-10 40 0,33 30/01' 3611,0 3.14 1. 41
193 0. 1 :.0 1000 :!50,3 4 111 3490 I J o U 7 Poi/20ot . */199 101) 1,40 3.41*3m4 02 3.0 a 390 0. 500 330 2900 2.1 0.7 ? i0.31 MC . /3 .00370 1. to.O0hl 0,03 4 3, 1160 0,00 300 0970 27 0.74. 3.37/00.4..003 3000 ,63 3. 60Z-013 ,0 304 0013 0.50$1096, 3775 54 0.3 5?3/3 1.'/.9 1303 ,7 1,37.023. 0,30 3,01 .1190 0,303 044 0389 66 0. 63 4454/4.10 4NS/4.39 13013 3.313 1.34. 2 3 PA' 2. Z 0.32 81380 0,30W 699 36170 30 0.63 .7654,1493 .. ./ . 900 3,79 1,731*333 ,0 0,3 030 50,00 6339 4003 03 .3 . /../ . ... f,3,6 3.6230RV 20: 33,03 130810 0.3503 699 4003 300 0.43 ... /. 0.330:6,341 3k33
.4R 2 .0 0,03 0411 0U 0,305 403 0403 41 0.61 761/450 7603/4-111 .0. .81, 3,0

ýTraruolml..Ivlty (actor, uqu,~i. 310,,4 for iAppilLetý *11owr,,o,, 13.t'l3 3141 c,A r. -, It,,,W~,1 allov ri319533r5 , html 3l13,600 e n t o

material3 T Crueoo Matoels 0.Vei.03.. s san cs Material1Siompl. No. Of P..Comoloo Amerselee Olie _____ No. lisrdoll as3e mal lkrun Ct,

30812/W 40.18)(wo ]UU
.434 3970 .1 .8 IW83.ad 3539 -- e/ oarom vaidabIm#3 8 0bb3aoli.. 4134kitiw 3.3U4 3900 .7 33 30l.0mid 36130 un..(3 "a"~ movidsolo tio~3all lates

.M 1 907 Wal 2 WS3 omsd 3 030 .... /I uniolme ~ an. M ileso'4 Iniot ia l s
.11, 3410 4 Wm 12.Oeid 3030 -.. / aorm tuddi.3s33a. Coii at~e sta

I a,"$ 350 31 is Ws 3 0.md 10 --- /3 a l33. oesisge
1115 360) 111 W .1.41 3300 .... /38

RTA ..1 (30) lsd 300 8../116M6 mo film cvrg

.. 01430 006 3640 0 000 0a -. /434 s 0 .crP10A .- -. (30) (10) W.Omkd 330 .... /(49t"5 mefon, coverag
-1.10 6:5 410 03 304ý W.~3 M00N--/

R3I3 I 593 zoo 30 W.0.34 a:7 .. 1,3/416 'as SUNNI o-wOaoloasdo gu~.. eeo

.33,3 5933 16 340 1.003 391 3,30/2340 rapidhbust-up, c atiag imsao,.41og, bou3 )so recession
34114 41.0. W. Ia.(.nd 30331 ----- t0satio.3i 0eeldh.4 e3313.0sepOsr

446 kitevetally .proad wver esilve epsolmo..,

.33,4 042 00 -. t I.- W0a,,,. 303 V. .il' mo/31 1.3333,,. Ao,,dige,.033603 43330 W. 0 d0
3
Oa3 33300 ... /3 10,,, 030,,3,.

.3060 Z 3403 't 0 W S132 ~ON otd 90 ... 0 311~3i00 r134 Lmh mo .3333 ~ 011 OI 033z I31 3I3 1 .. Wsl
3

o,.it. 1100 .. mo ... ....3 I~,,3.

-.22A3 416 310 W -0313 4110 33/0 Illth. 03A11 030l 5*.
C-0433 5,33 3 21 W~l~0t3 300 6 -3,6, , 1h1
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TABLE 31

SUMMARY OF W Si3 ZONE WIDTHS FORMED ON WSi2 /N-V(G-18)

DURING ARC PLASMA TESTS

ST est Tempe ratur e Time Width

(F) (sec) (mils)

0.4i WSi?/W(G.18)

S-IM 2975 1519 0.40
-2M 2900 1830 0. 40
-3M 2985 1830 0.30
-4M 3075 1830 0.55
-5M Z6l5 1830 0.W15
-6R 2830/2785 1800 0.40
- 17M 31.80 1800 1.70
- 182vi 3030 1800 1.15
-2.IMS 3315 1800 1.55
-zzms 3435 1800 3.20
-Z4R 2995 1800 1.20
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TABLE 321

SUMMARY OF ARC PrLASDMAX EX'POSURES UE.

Sri-Al ON Ta- 10W (G- 19)

Material Calculated Tam rail.,.9aa.3. N. ~. N Pull- TICALG3)(0383A..w~wd Sealr. Co u..4 Cold Wall ray oad Riddall0 .af. kla D N, T Iteia1.n Normal Initial rie[ fii* neal Traftefo. NOW Trmacle,.re.y e l IJ~j lTU OA BTU Ziluiaee Vkm CaettlclGN Cee ~i.Ioe
Se.A3Ta.WO.39 4.3.) (Mae)

- 0.64?3a At), 0.90(T.-W)

-300 0,32 3.04 IM0 0.S14 310 530 1114 0.44 528/100 393/244 140 0.9" 0.49
Cutting Failed. 30 Ma, Ta Observed Cota Fie - Motnga Ta Moro-2m OZ.3.4 3 71 SO 30s : .5 1,/47 51/1/33 IS) .301sit .2 1.04 13310.3 6210 2300 311 04 0/5 103z 3 1. 34 33

.4 3Q 0 .9 "I0 200 051 310 .7 39 0..4 $30137* 4/4? 33 1.41 3.41
-00 .3 30 3300.3440 77 00 0.40 520/347 375/330 13 a. .3 0.39Coating Failed -Melting of To observed I raled7.3. - Melting of Ta Oburni-6+3.3 0.043 8740 0.014 514 1369 47 0.17 I30/371 *---31 /Im 40 3.20 0.11

Cabling relled - Melting of Ta ChaE.f.d Conti% Frailed - 30.11114 of Ta Observed
-?R+ 3.2 0.910 7300 0.516 300 3"*0 42 0.54 4431329 -- 1311 lo00 3.14 1.43OIL+ 0.2 CO01L 11440 0.5410 106 41340 91 0.4" 525/361 So0/322 400 1.29 1.27

9 Coating railed - Me.ltingof To Charmled Coell. railed - Molting of Ta Chee..ed
312 0.010 10520 *.sib M5 3335 30 0.61 324113 05/342 1*00 3.41 1.43.4+32 0.011 7940 U.Ski4 116 3000 7.5 0.59 S134,1344, 339/334 Wo0 1.41 1.40

-3A :32 0.030 73210 0.114 1. 2965 2 0.5* .13ý3/3) 5161)30 3*06. 1.34 1. 40
-31 . ,3 400.513 133 3230 30 0.09 9 36931 53/313 0*00 3.3-1 1. 45

Tramornkiaai.,3 facto, oquole 0.84 far "".hire jad".. 'oi3me. I..ml is bacad a. meaaeromeeu prier toauectioning, oiblwese
refretol II l06* after fiectimeag.

Malarlal T Gross malarial Dograimiie Sao ocabe olesao-vl.Na LO Recension Reco.elo, 140d. T =0 ante Descriptionat ~L 4.111 Plows. ru ao

Se-Al o. Ta..3W(C-11) R A
-I3 5000 ISS 124 T..IGW M.----/3140-2AM al0s -4 is SmM-A 0mid 1810 .... /15 1it3le ..13ity,464,li. did WAR bil-304 a740 -30 23 $a-"l 0.36 3t33l --...3M surfae macti~iy. none lbqa*bWMloa. oee03gfa31.w-443 1910 It it Ia.AJ Ck4 1*00 ... -- /31 suraeeuactivity,eown* llqIAidbubble., oncouaslW anwe.410 0310 140 W2 Ta.3OW Mottleg as ---./2753 aalaaldoftos0dla itrum, taUlbua,,dedffa

30.1.0.6. 441dbblWAtfift lboed Swerely HL rumeeoldada
-6A. 4895 ... W2 Ta-l0W Mailing 240 ....-/9" mt fea meglmd mail ub.*lekich grow. taese"loss

-IR 0120 --- 12 5.-Al 0.36 1n0
-All 3470 25 J9 Ta-IOW Molting 400 ----/1746 aelal malted
-9R t*4, .3 0 m- 0.11 1*3 -...... Q10 ewltoa eIdeull. little activityI, 33* 310 . 33 BaAl 0.16 1.000 --- 03 lill. allOVity. VS3ter1Wb""~e-Ila. 1105 -3 13 OR-Al 0.34 1*00 ----.. 11111 activity, .gait. beatalle

1770 ~ ~ ~ ~ ~ 1 -3 Ilia 04ý Ckmi in* ...... II... litl ctvtyl M"

Ik-Sio 6#cfete fWmta"* 1s am
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SUMMARY OF ARC PLASMA EXPOSURES OF

W+Zr+Cu(G-Z0) and W+Ag(G-ZI)

1d500.363 Cat.lcula4t Teopweatore
latMesplNO. 'N Ratio T(CAL,)PO(O38)
A d Is Surfac Cold Wall ray .an Ri.ddeU

l"IwoA Mac.h in . `i.. T "&4ANrle r intlal 0r"ak 114a Trasfelr fialt Transfer
Lo ST• BTU !. 313 asmm 1 . Coeffiiento C@ogifcet

W+Zr+Co(O-2rh
0.4 0.12 1.03 0970 0.413 330 000 104 0.50 44S/437 --- /290 157 1.03 1.03

)A f 900.133S.0400 0-0M4 0.13 1.01 3010 0.435 370 300 43 0.452 04/500 398/369 324 3.22 1.30
.30M 0.15 1.0. . 700 0.4:7 90 2640 6 0.26 0?1/4"? 404/401 100 T.42 1.02
.- 1A 0:,1 1.01 1630 0.431 130 o900 IS 0.04 /. 40 3.4 13,•a IS o .• i01 16,o 0.431 , ,4o o o.,o, . .i
-4145 0.0 30 40 033 130 3400 30 0.47 --- A 40/0032 .34 3.10s

.A0.3 :g,0 3470 0.1 N0 3310 lo 6.4S 42044 *-/- 400 1.16 1:.17
-0MB 0.13 1,03 3470 0,411 100 27105 ... ... . 1400 1.42 1.44
-6MA 0. 0 3.01 1830 0.41 0 3i 0 3125 53 0.54 433/401 ---!! 0400 3.04 3.04

.404_ 0.10 1.03 1530 0.412 100 3160 ;1; .. . ./*5- /300 L.43 1.44
7 ,. 0.070 9080 0.430 469 0i30 230 0.40 s3t/ 0010/477 1100 .s 1,13

*85.A 0 Al.2 0."3I 33980 0.408 642 0600 406 0.14 7 0 41 1.20 3.Z9
R5 1.2 0 . 39 0.421 642 $465 442 0.91 V/ - ./. 459 3.29 1.33

•93 03.2 0.100 30960 0.425 054 0760 037 0.46 7 4 1/433 ?77 3.02 3,,3

.40-M 0.23 3.03 0330 0. 09 30 47?0 03 0.03 474/46O 379/0 2A0 1.01 0.97
-214 0.1i :.01 2330 0.509 000 3490 43 0.49 473/441 ---i300 503 3.04 3.23
-3U 0.03 1.00 0790 0.:SO& I0 s 1740 is 0.S6 466/450 447/452 3000 3.64 1.12
.4m 0.11 1,1 11361 ,10 toIo110 145 35 0 470/461 --- /Z9l 0,4 1.32 1,.0
-Sid 0.1 1.0 10 •Sig a'.0 Is10 4'1 061 Is2 -- /0| 460 1.35 1.14
-6Mi 0.IS 1.-)1 1000 0.§14 160 3005 20 0.52 IS-/44. -*/87 1100 1.41 1.40

+Truaminsn iitty factor .cqule 0.41 for applhire wLndow.

]FPint Ilaids to ba-•d on metrureistn prior to sectieolga, thickn.6s
refer, to |[Galth sftuisor ioaSllg.

Malerial I Gross. M1t466 e1 Di" rsds1aa %t17 laor Mtlorisl
sorerint T= * rt" sloeo... _ _ _m___ No, Descriptiom of mot4o6 Picture Fl" Coverage

ifrr4Cu(G.•a0)
.314 4104 -.. 147 

M
eling 307 3(00 Immediate meAt13 of frost f60e.

.0M 3040 104 4aI40 324 642 Material meltain o663of iru it face, unfolrm m.lting.
-$4 235 0 97 90 011.3 13100 00 l3ttle visible.
.14MA 2440 -- i... Ills
.4m14 2960 04 SS Malting Ila 09 l1tt31 visible. a... apparent r63anltna.
• $MA 293S --- ... "o,, 400
0SM14 III$ 80 "8 .,If.+633 3400 3 lttle visible, Som. &ppgrumt malting.
-6MA 1160 ... ... 1d4l633 ÷ S00
•.614 1420 G 3et Osddlo. 3300 360 _0ifte visible# same apparent maltin3g.
-751. 0310 00 43 O60463,0 3500 43 Heavy buildtp an front, cm.. oxide chippi.1, al,.
-. RA 0390 ... ... "I1t'd .... 'as Heavy axids, mom o ln43g, visible recems on.
.. l3 1000 203 207 Om.itM. 00
-. "P S300 37 2f Oxiddet@m 175 St Heavy Tuilldap with oxide chipping oft.

W+AS(0.21)
3-14 4310 290 466 Ide.ldo ago0 3055 .1ttl6 activic•y, rapid malting. hourg.las reCelsion.
.014 3330 ... 303 31234 003 576 LA.e visible., 66*.me o ppent malkng,
.31" 1200 -- 3 3 500 Am. 180 13 Lit00 visible, 6. 06apparent m.3w, r ait-
•414 3030 -- 13 1l.r AbleO.n 424 34 .ttle visIble.
.004 300.1 . a3 Ablioni 440 040 120636 visible.
.-M 2054 ... 50 Ablatlon 3800 so UIt.2e visible, apparent Ablailon.
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TABLE 34

SUMMARY OF ARC PLASMA EXPOSURES OF

SiO2 +68.5 w/o W(H-22)

materiaL Calculated T.mp.rstu-r
simple No. q N RAtW, TjCALC•)T(0B4|

AI=Q11. C lt'f .t0CCold Wall Fry an.d Rid.del
As..o..d M P. 1. D %. T Radiation Normal Initial Irina. Lupo.,*. HeatT,,a8a,. 34..tT.n..e,1

ath -0.,65 No.. St OTU &IL STU oR BTU Ta t lme Coefficient Coo.fcilent
-- s a z it(mile) (m110I

810,444 3% 7) 3.00)

-AMA 0.32 3.04 3070 0.507 470 4700 104 0,45 679/07* -*-I--- .. 0 1.01 1.00
-11.0 0.3 0 3Z 0 47 0,.07 400 4850 33 0.01 ---I--- UP/662 1550 L.05 1.03
-.2LA 0.33 1.07 4110 0.507 380 49605 143 0.s0 704/?00 ... /--- 000 .10 1.04
-0303J 0.3 3.07 4110 0.107 S0e 4"7S 130 0.48 --.-..- 69Z/601 937 1.13 1.04
.3• LA 0.16 .08 4730 0.507 670 S044 240 0.50 610/654 -.. /.. . ISO 1.00 0.97
.3-01 0.36 .0o 4730 0.507 670 5170 lei 0.10 --- /-.- 446/428 1650 1.07 1.04
.414A 0.16 1.08 8100 0,0s 730 00 00S 25 6 0.03 6460/6"4 --. /--- 65 1.05 1.01
,45E3 O .34 1.0 00 0. 07 780 0340 .... ----.... 43/030 3713 1.1 1.07-45, 0.37 0.0S,9 0.30? ,4 3,9 070 0.50 70./;3+ .- ,... 01.A& I 0Sh 71.?I, Io1 I.O-5540 0.37 1.09 6170 0.07 140 3430 .. .. 0/0 31 1.13 1.0

.641A 0.31 Do 409 0.0 4 640 0310 08 0,03 690/680 -.- I--- 350 1.00 1/0a
-.6143 0.35 1.01 4690 0.507 640 1165 070 0.03 --- /-- T921574 1000 I0. 0,03
.- R* 3.2 0.066 10540 0.007 006 4603 073 0.19 993/08 493/03 030 0.08 3.07

O-l+ 3.0 0,011 33780 0,507 300 4025 144 0.3 9001677 6491346 300 1.17 1.10
.9R+ 7. S 0.009 9S00 0,507 114 3790 19 01,31 996/670 339/515 1000 103 1.10

'OR" 3.2 0.009 13100 0.100 230 4210 125 0,17307 609/274 000 3.08 1,34
.3R. 3.2 0.004 12440 0.501 Z09 4005 95 0.77 917/141 700/391 3000 3.00 1.07

+Treantsl..Vlty facto, vowais 0.80 for sapphire windOnw. Final LrniO 3. based o3 mo" lcr.n.@,,l priol to 8e6t30..3qin i1181 ..

role Be to lIontn after ectloning.

54.30.4.0 7 aloII Mast..ra Dlradlt loos I~ Ea..oue. D, *tI61Mame ,l O r R oss.g
3

n RoUs ionk Mode. IT3i I1.1.e D..,ire~ioh of )Action Picture rium Gover.ns

mu.pl N~~j .i, m1it...lnn Rcsso V

SO,+00. 5%W(iH-00)"-ISOA 4240 - - Id toro 230 l33i attletoly, g3l[farm ho.tling, .mail hot butrgl
.1543) 4390 -• "100 0n1447o 1110 30 6ep1 pp50rl 0 on front *urlt.C
-234,4 4000 -*- 0.04tl0. b000 3n0om 6013351. .1313 3ho b0!*tt, mlight malting
-0543 430 3Z 2 39 0.0ld+Flw 907 22 31 ,41to.AMI,4 3300 ... ... hetlatinn 100 smniaom hostt. .m4111 540 bure*e, edi. melting
-3IB 4110 240 236 O4670flow 1650 10
-411A I0'0 ... --. 0. dtation 50 liquid around edge, visible ocAl.ioik
.4123 4859 437 428 Oi 3+Fl.. 3730 4001
150, S030 ... .-- Oxoidalion 100 liquid or read *dle, .0.lBl. vtol.w..

-5141 4970 707 697 Old+Fl3 7 911 3217 buraed thr)ogh itl•s hol.
-6MA 4853 --- ... 0.3"*11m 100 nUOrm I.SO-05t, small b.t burst.
-0543 4105 99 103 03d+F7. 16300 100
.7R 4173 10 007 Oxid+F7ow 030 3938 rapld receslion, possible matintg.
-53 4003 333 331 0114670o. 390 373031702 B hl roul4nding of :do., I.i5.ble l..th vocosolo
-9R 3333 1 5$ 135 O.d34+7l1 10o t 13s slght B0ou nding of .d oes little actOiv Uy
.301. 3750 364 331 0.34673.. 600 993 slight 00ona4di. of does:, viible0 1.10.6 reensions

I I3R 3560 227 293 Oi.d+.lm 1000 443 slight t13303405 of .4g.., vili.l1. 84I .K. Io

MlCe.s 'n crt. @Oflfrtad to 30 m3lawk88 o. lnar bascS.
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SUMMARY OF ARC FLASMA EXPOSURES OF
SiO5 + 60 w/o W(H-Z3)

04a1;aL Cal¢cuated Tern atcr.asmple No. 4i +If "iUts T(CA1,411IT'(OB21)

A.0 d•lf 3-1-.i Cmp~ted Cold Wall 1%y and Riddell
btlnah;e M. D1 qcw T adliation Normal initial O'|nil 'i tT16486.
al M. bl•. a TU STU Uja BTUOR BTU 37r, A iL -3T .. .. Coeficient C-liki-tLllb 40 1-.. cm+ In-i ..ci.. aof|-i~

4 *0.40

!ON 0.32 1.07 449 0. 6.50 15 4160 160 0.61 703/710 686/662 1830 1,a 1,24
-:M 0:.0 1 .0; 3810 :.30 ' 400 44 'Z 120 0,0 6071700 111/613 1030 1.34 3.27
-3M 0.S9 5.00 300 0W004 340 399S 75 0.63 6461640 696/688 1039 1.31 1.30
.4U 0.46 3.04 2310 0,505 300 3101 65 0.66 700/711 7021699 3865 1.19 I. ZZ-SM CATg 1.04 6010 0.S0S aS$ 9520 160 0,80 40691a 5+3/sas 1007 1,1 1. zz
-6,1A 0,46 1.13 5060 0.506 840 5750 185 0.3% 723/714 --- I--. 60 1.17 1.12

AuIt 60 sac1ods. temperaltur &ad ad3.ti-, ChRnQd to -6i14
-6MN 0.46 3.13 5060 0.506 140 s09s 190 0.60 --- 1 436/423 1740 1.32 1.47
*7MA Q.49 3.14 1 30 0."o 6 89:S %7: 274 0:52 709/713 60 1.1: 1.14

After" 60 l6 , telmperature &ad radiationl changed to -7MB
.TJd1I 0.49 1,14 S&I0 *.S&069IS $10 iZO --- / 2a0/217 1740 1.34 1.21
-40P 3.0 0.034 10360 0.506 47 460 328 0.37 1006/o99 6341320 321 1.44 1.27
-90 1.9 0.014 11310 0.06 34 4500 118 0.6 1007/699 460/155 640r 1.33 1.24-30O+ 3.i 0.007 93•0 0 506 210 3920 64 0.39 1300/707 904/093 1100 i 45 1.27
-_335+ 7.1 0.004 10330 0.0S1 3 '0 7620 53 0.66 1005/735 901/715 1300 1.43 1.32
-IIR* S.2 0.031 14340 0.506 616 4960 1"4 0.55 010/497 330/19 300 1.47 1.32
-I5MA0.37 1.04 5440 0.506 $55 I/6V 291 0.5: 694/686 -.. /--- 60 3139 1.13
:-15.21 After U moes . 300 330 0.30 .... 3- 7 IN332 I6 1.35 1,3.
-46MA0.34 3.06 5330 0.506 440 07S0 34 0.53 705591 --. /.-4.- 60 1.17 13 11-i6MB After 60 ,osld. 5140 96 0.26 ...- -.. 380/304 3740 3.33 3.24
-17MA 0.35 .041 4330 0.506 700 S450 231 0.03 703/68 --. /... 60 3.16 3.10-?MD After 600 u0oodl 5120 171 0.53 .... /... 613/083 1740 1.24 1.1?
.-3IMA 0.32 1,0I 3610 0.505 560 4830 151 05,, 704/692 --- )--- 206 1.32 3.36
-lIMe Anlne 300 *aco.d. 4740 136 0.58 .... /-... 6S1663 1600 1,4 1.19
-IkIMA0.33 1.07 4160 0,506 630 5390 179 0.51 68A/b66 --. /--- 100 1.31 3.14
-1391410 Ans 100 second- s030 i3s 0.S3 ++--/-... 6&7/615 1700 1.34 .018
-U0MA0. 3 3.07 3941 0.05 19S S03I0 370 0.33 703/698 -.. /.-- 100 1319 1.14
-30M3 After o0g SOCoad 4820 33s 0.03 ...-.. 697/64? 3700 3.26 1.2)

al-aIt+ 5.3 0 10530160 0.505 173 3995 60 058i 1009/193 715/391 1*00 3.16 1.IZ
22% :" A.2 0.009 3413 0,504 395 4340 104 0365 I 005/649 494/169 "D00 3.32 3.3
-:23%.1 3.1 0.011? 010 0.506 411 4450 13 0.60 30100169 9403223 300 1.as 1.16
.'43÷ 5.2 0 1036 1620 0.Sol 038 3760 63 0.67 1000/69[ 954/643 1100 1.17 3.18

4TrWanainhaIVily factor "UN11 0-06 (Or *ipsllb3o window- ri*bl Lengmn ti u.ied on measurement prior to 0 WtlOnliAZ 11406kn01

rvieta to leng sita ueettlnling.

m ate ri. a T or... m, larial •, D.go m r. tao . 100t88000
Simple540, *j• Rec..11o 0.eo[u83.., Mod. T7 I lateI Descrlipton Of Motion Picture eUm Osooeap.

sio0.60w(H.s3)
:3M14 4400 17 48 O ld tl mso 1330 .... / 0t 61ht 44.l . * . ati vity
-3M S 3 '5 1 11 3 t7 idtio4 13530 .... *s ul3l g•ate activity
-ski 11335 -10 2 o0idation 1039 .... /i some flking &ad I•lid alte in run-aM~~~~~ ~ CM1•4 -- : &to* l .. /1116 6.11gt bubldlnItl 1di.. Ifni*e atiity
.414 3NAS .3 it 0014.11. 305 -- /37~ ~ oh~g* ~* 31.atst-tM 5040 335 31 00tt4.tloit 3087 .... /187 '8¶iform olldatloImt ilan~le o € llroaoir toagg ~llnol

5AIIsecimen AL to fracture at .tin, .vn..twly fell off
-XMA 5390 X TO- (lOLdatioa 60 s.m0. .. ,face ativlly .ad mnelttna
=6Ml 4630 355 301 0d14 FIlow 170 .... 3760

-714A 5220 . ... On-ld lic3 a 60 i 5ll ht .a rtso t, & tivity and malting
-71111 444 414 494 Oid 00 Va, 1740 ..- i406
.41 4230 V2 379 Onldiloa 315 .a.l "1196
-9A. 4130 $47 544 00d14it3s 600 ..-- /3693

R03 3460 96 314 03dl.Im Iwo00 .... it4
- 1 3360 is 38 Otlds. 3400 ---- /l8
-321 4400 701 676 mildathi 300 .... 140".-3:5562400 -. .. 0.3d.tla 60 .... /-....n3lting, *scession at &oIte

hsldM 4620 3 7 36 4 O0 l4 + 03 o e 332 6 . .. .+ i m6
-1 53AA $191 ... .--- /tiom 40 .... I.... mltling. rcession at angle
-l6MB 4600 335 341 O.34 # rime 1740 .
.IlMA 49"0 ..- .. Odaulcl 40 --- /.-.. to- (Ur covera*i
-17Md 4660 03 300 o003 + i0lo. 3740
.I0M A 4390 - Oold11101 300 . .../-...- slight I. 1.t. a4c ivity
.me 4so 139 "9 0.id .r. 340 Ile
-19MA 4730 ... OAdlima 100 ""idt tt 0 ty
-19MB 4860 61 73 Oaid + now 1300 -.... .7
-O0IJA 4650 ... ... 1ido 300 .... / - sc. itsltly
-8MB 4560 % 53 ox00 + rio 3700

A3IR 3535 294 301 Oxidailon 3000 301 Un.U/rm h6001 0 d recession
-UPR 3380 533 020 0.34.33tc 000 1172 Sli oni siacia, coomldoSoblo ,.,..cloo
-Z3R 3990 470 470 0 ai.3t.On 300 2520 0 orltn. hetling, eone.66rlsl. '0:00sion
-34R 3300 46 54 claidation 3600 S4 .. lta, Makinlg, It#13 activity

laceeeiaon rat* converted to 10 minuIem on linear baslis
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TABLE 36

SUMMARY OF ARC PLASMA EXPOSURES OF .1
i-u- ZTa-ZMo(I-23)

Calculate+d Temp,aw ra

S.opl. N. 4N 4N 1 T(CALC) IT(OUi}

A.Sý.n d $or.. Computed Geld Wal bay &Id &.AiddOI

mittll•.co h P, o% T A*diation Normal initia 3o1 FINAb 4.*88 Transfer Mass Tra,8ft,

t k *. .65P N. mmo STU Il BTU STU DDro am nob31 Ah _______ ______ Cetoffic8480

.IM .34 .M !,a .S ~ 1] 4SS 1 0.61L 81o5sis Jig/955 1830 lT .IA 0001434 7631434 952 |.*$ t.$0

' |U 0.l .0 1IS0.s~ 30 3030 SO .7 760/449 770/434 1430 1.21 •J

a':I A,2 ,050 Zzn A"0,50.114 Z 3 754D5 so 1.9 41/42A ?61/414 1130 AI.Z 2 .N".15M 0.35 1.06 3295 0.50 530 46 S 744 50444 1O$0 t.179 .I.2354 0.26 1.05 1260 0.59 *3 40 3030 64 0.5 710/434 1•0t 0 .? |3

.bad 0.30 1.05 2665 0.50S 400 371S 64 0 70041) 7219/401 1430 1.37 1.$1

-?R+ 3,a 0.063 7670 0.908 45S 4090 72 05 14 7321404 I0"...

4R+ 3.2 0. A8l 7400 0,505 753 3.... 73/447 306/0 10
Samplo .. Ited 3 *•4 .1&.ld1.1 .4

-9R÷ 3.2 0.022 11250 0.114 337 W4055 12 1.4 144 43 71y/i6 800 1..1 1.14
0,017 9180 0. 02 a5s 1420 62 ?0.0/414 733402 8600 1.54 1.4N

.1A 3.2 0.017 80600 0.5744/480 100 1.49 1.31:...e 3,2 0.0| 100 .1 g 1•0 ? 0." 06SJ1160 7/3 |•0.9 .)

.123+ 3,2 0,010 12710 0.607 376 4364 138 0.0 3 1.3a 1,& 5
J13M 0.16 1,04 2975 0.605 565 4270 11 0.6 435/43 447/411 810] 1 8.14M 0.29 1.00 994 0.509 438 0290 230 1.9s 4 -- 34) 1.09 14.,N

.103M 0.32 1,06 3735 0,505 6.6 1380 024 0.w1 430/421 37013 8630 a,64 8.03

.2854 0.2 I .03 4790 0.742 430 4460 154 0.09 1.19/672 6&•.4/6 1140 8.16 7.56

-2254 0.24 1.03 4920 0.743 470 5040 177 0.16 674/066 70,460 8go0o. I3 18.11

.2354A 0.24 1.05 4470 0.492 60 566 8106 0." 1 o441442 ... I--- 40 5.30 1.10

.:3M4 0.24 1.03 4470 0.492 800 67o 0 578 0.51 ... /- 0A) Is 0.9 0. V1

.2434 0.19 1.03 3990 0.447 430 00 0.54 44/42 ... 49a 8669 8.07 t.04
4550 0.2 3.,03 5400 0.467 J60 9710 161 0.60 477/460 445/40o 83 6.06 104

-3M6 0.29 8.0 3020 0.901 615 SAID0 33 0.4? 443/ 97 .. /.$ 2000 .0 69
.21A0 0.30 1.06 3360 0.03 5-.1 5310 M00 0.551 44/ 93 ... /134 is"0 1.01 0.97
.3M3CA 0.31 1.06 3360 0.499 10 5416 193 0.46 448/060 . 140 5.00 0.95 .
.3U4G0 0.31 1.06 3360 0.499 610 9795 214 0.40 .... / 0a 8s 0.94 0.69
•44MC 0.31 L.04 340o 0.503 460 5395 Zia 0.63 4;7/ " Is" 0 61.3•t o,90

+ rTtn~l.levity factor equals 0.64 for sapphirs window. 11.1 Leeg4. 04f.00 t0 1.mpla 0.6904 prior o Los100*691 t8I6so

ro.or. to ..ot1oo I*%.•.

maeIrial T 0.0.. Malterial D0.9. r lloa 14.40. 4c so400los0
S-F. Roceulo Rao.sloo kgOdbo Time. Rote Do" lOlcrapo od W10"oj P'cetu6 Il61m 04e.r0

H1-20TA41.4o (1-231
A15M 4193 -1 as 0.34.11.4 1830 ----..25 .io Sv•.40lcc I e413 ¶l36y .5e8 . LAMl . pald.

,1.M V670 -13 a WWlt 94S .... -4 s n3 00coverage
-34 3590 :-0 13 0.341t.. 1600 -..- /85 11121. Olsitlly
.454 335 -a0 3I OoI4tloa 1630 .Is.l/ Ila litte activity
.51A 343S .7 13 0.idt.03 1030 .... /13 lttle activity

-6M 3061 -09 I 0.3d4t.6 1630 .... -/ 3ittl1 activlty
.7A 3630 -6 1l0 01d4t.i0 8660 ..... III 3000orm hosting, l34103 80tbty
4 R 44460)' 447 447 Molting 10 46.. /0460 1 .
.9R 4395 21 804 0%d # M4.11tli 3600 --- /1104 began .o5t4is, likes stoppedsodHall activityllipwed
-lOf 2945 -5 22 Ol4.t630. 60o0 1 ... 2
-AIR 3400 .11 24 14s.3tie. 1000 ....o24
-12R 3900 -I: 26 0.340t1o0 1600 .-... /
-135M 3910 .8a 24 os3d1ti00 8630 ..-- 1/24 1 mokiwilo at edge.. owdboost 1 omoltl1
.14M 4030 --- ... 0vd3+ Th.S•ock 30 .... s- 1"r1d300131.J. , t0g1K p.Iil84I'¶01 001 o l ek

-ISM 440 40 46 O.dai0 1630 -.- /67 .bortol formation. asidd o4.l8lt3

-:285 4400 -i:O 6 0.34.0w l Droplet@ a4e4B.0, tle actiuvity.
254 41115 -4 24 0.34.03.., l600 24 = to at se*, lttee.13 ut03el3 7 .

-XIMA 4430 ... ... o0.d3i4.0 40 44200 at.iU lhomed, -raid mnbwld".
,.235d 81•0 445 440 Mlslog 15
1451 4400 -- - 33 0.34.0.0 0410 "'1 $Am wnool" o e04s. colionoUly.
255 1250 232 043 AMdlo 13 33,44 R.p6 .R.a.pd M
.3bdc 4740 --- 44 :2*.13. A600 44 .. 5.,ft =01,8100, *ft.@ appeased bestr Apes,

,21AC ~ ~ ~ ~ ~ ~ ~ 4.01.3 Asa -- 1 hdtds BO6 etr OU any sod. built up.

edges 6MAW0.,tl .eavy said. balk op.
.I3MA 495I --- Os4io. 1660 114 *4.0it Aerrwa d... *lde awift"
.31m0 6336 o-- 300 1 .tloa i
.4300 4936 " as9 Ism60 99 W5ti 0•3 l S.v , .dd3. 0141110.

*Temporal4tu estimat14d based a Col. Wall Heat Te..ef.1 C.0_aciand3M 88.00 .. 38 no.32.4 $0 m3.044.. 83.. basi..
C41ol.elIo. of/| R correct0 d by mean ratio T(CALC4/T(0A13 o•

1.14 t0 492000 or 44400r.
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TABLE 37

SUMMARY OF ARC PLASMA EXPOSURES OF Hf-ZOTa-ZMo (I-Z3)

SMaterialq

bampla No. r N Calculated Tem _rat re
Assmed P Surface CoTfiputed Ratio TlCALC)/T (OBS)
Erntlelinci hich * .e S cw T R adiatlon Normal Cold Wall Fay and Riddollat * 0.65o No. o 01 0 nitial inal. Ep..o.e fieat Tran.ier Heat Tr.nssfrat _t__ . ft U 00 e.toisL. In lc lhnta Titeie Coefficient Coefficilo t

(m/Ie) ci~la)

810 - ZOT2 - ZMo (1-Z3)
* 0.53

-2681, 0.28 1.09 3640 9,440 438 4965 52 0.53 914/914 0-- 1000 108 107
-261,411 0.29 1.0 5 6 386 0.450 458 5265 187 0.2CI/S,-.-. 10010410.6 1 0.09 LS 4020 0,450 462 5265 17, 0.48 / 1800 1. ,05.

6MIVA 0.z a 1os 3590 0.490 50 3370 174 0.44 1350 02-MIB 0.28 1,0, 370 0.450 386 5000 147 0.50 / 80/45 450 1.04 1.03
6Ml .0 :1,0 31004049 5 79 0.6? 9897 -. 4500 .614Ml- 0.21 1 300 1111o 0.450 400 4370 13 0.7. --- I--- --- I-.- 1000 1.19 1,1- III 0.. 1,05 330 0.450 410 47.C 380 0.7 127 1.12 1,a

• 2MIV 0.30 1,00 3510 0.490 392 1825 207 0.01 1320 1.08 1,09
-MV 0.3 1.05 3420 0.450 430 5020 213 0,71 -/--- /800 1.05 1,04

7MvY 0.0 10• 3 40 0.450 418 4070 Itl 0.63 ... ... -//0-9 1800 100 i06
-ZMVI 0.0 1.05 1300 0.450 415 4940 176 0.63 / 95/0 1800 1.06 1:04

30M 0.26 1,04 4000 2.39? 470-...76.0 ... it 93M 1.006.1 80 . ;I-hO 0.21 1.02 1620 0.390 370 4665 112 0.50 693/65 701/630 1000 1.10 110-311A 02.3 1.0 4000 039 415 494a 174 0 60 718/714 71S/640 1800 1.10 1.11
M-37M 0..0 1.0 3460 0,499 I648.
M-iM 0.21 1.02 1•220 0.513 435 490 . 01 144 79519880 77A0/0 1800 1.12. 1.05

.4M 0,08 1.04 1760 0.399 443 .... . ... 717/108 8 040""/4 0 8
• -42M 0.31 1.05 3190 0.390 400.... ... . ./59

.4MO 0.30 1.00 3700 0.450 441 1715 44 0,49 793/1028* 8044 100 1.45 1.44
MS 0,30 1.05 3760 0,450 470 4210 72 2.49 794/39588 802/202 1800 1.30 1.20

-liMit 0,19 1.02 3560 2.503 452 4005 108 0,66 721/11788 32/ 0o 1800 1.19 1.21
-54M 0.06 1.04 300 0.504 450 4665 136 0,61 764/107*0 779/ 69 1800 1.17 1.14•55M .0,Z 1.04 3120 0.507 45% 4870 156 0,59 795/406*0 812/370 1800 1.12 1.10

* Final length refera to 1i*ereient alter exposure; thitklcos eer.ld
to aectioni length.

88 Nose to in. deptb trempt e tore mraa ureeenlt eation,

Matorial T (eu Materlal Degradation Exposure

Simple o, F -ecrelon Rree. ion Mode Tin- Recession

(muf T•fl~ *• " Role* Dres dn of Motion lictare Film Coceoage

Hf-
2

0Ta. 2Moil-ll) mi-'

"62M1 4505 ... ... Od,+Meit, 100 --- Oxldized rapidly, ftoboret brmed, edge melting continocd.
-26M 4805 ... ... Qxid,+Mrlt, 1800 --- C).de roke- ofl, new sibrelI formed, slow melting otioirtnd.
-Z6MIII 4805 ... ... oidaton 1800 --- Slight spalMlon, conlna0•i claw meitiog,

V- 6MIVA d:4910 -4 . ... - Onldatine 1300 ". Slght epalhli, c uontinua claw meltiog.
Oz6MIVB 4942 34 169 CoId~o 490 .4Z

.27M 3605 ... ... ;Oidatior 1800 --- rdg.a hote than cente.
-l7M1l 3910 ... ... Oxiatlon 1800 ... Unioem olde foirmmed, (diiei melted, atoall eonb-si.
.27M811 4295 -. . Onid, Met. 1276 --- Oxide broke oif, slowly melted into eunloret.•27TMJV 415 ...1.. Ontdation 1520 I.- Silht h elting o. onlde. I Is chooge.
-2787V 4560 ... ... COid, OMelt, 1800 0 -1d Moat ol onide, broe ol, oxld, rehed into sacbtrat.
z7MVI 4410 ... ... 0O.d.4Meh, M 800 .Some oxide beobe ofk , cont'-on' oI eid. eilting,.7MVII 4480 s 3 3 6 Onid. Melt. 1820 21 Piecre of -oide broke off, co-tisouoa ide netiong.

- •OM ..- .. 589 Meltng 9 1 17800 Rapid toe 'tin.
31'.4 420% .0 47 Onidation 1800 47 Edgn meltiog. sunburet foelation, slow melting.

0 ýM5 4482 1 4 Onudatior 1800 74 Edge meltingl a siburst forr-naton, slow melting.
07MMH .. ... 9% Melting a Z1400 Rapid m-lting.

.8 8MH 42)10 18 48 OidAlio. 1500 40 0t1di.rd -one /8' a pot, olo meltieg

.41M ... .... 128 Melting 8 24500 Rapid elting.

.42 5 -.. .-. 198 Melting 9 71600 Ra pid me tino,
.4005 3 lS S -1 11 II id Colaio 1800 IILittle visil.
.46MS 3750 -8 13 Coidatice 1800 ii Little -i:it:.
53M1 4045 -4 97 Onidatlr 1800 57 Rough, heavy oxide oVuc cttre nose.

-548 40 5 42 Ocidation 1800 4- Edgeo meltin corilnococlp, snria l ac.borat.
-55M 4410 .17 88, Oxidation 1800 16 Fdgra inhing cooooly, anal

1 
suEbaret,

*Re-senaor rate •cnverted to 30 min•ate oan Linear •waas.
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TABLE 38

SUMMARY OF ARC PLASMA EXPOSURES OF Hf-2OTa-2Mo (I-23)

Samople No. q

A..um.d S-rfac. Computed Camc,,lhtd Temperrture
Emittao.c. Mach 5e D qc'T 0Radiatlion Norm,) RA&0o T(GALC)/( T (MS)

at I, 0,65k No. tm 1TU U) 15TU U ESTU mitta. Cold Wall Tay 2ad 24ddel1
-tsl o--' .-. - - wntli. A. al Extpoati- Heal Trinefel Hevat Trantater

i t$ s 06 n * Time Cooefficient C eofci.ht

H- 20T. - 2Mo (.-23) (mill) (mi}.)
, .0,50

.20l1 2.2 0.132 7590 0.451 403 4795 241 0,57 IZ29/910 ..... 1800 1.24 1,27"
-Z8I82 Z,2 0,132 7450 0.:Al 394 4725 141 0,61-- -- 1800 2.05 1.28
-2 all] 2.2 0.132 7410 0.431 394 4300 113 0.59 .-.::.: -.- 1820 1.31 1.34
.ZSRIV R.2 0.137 7900 0.451 403 4585 100 0.61 -- 1225/81 5 800 1.30 315
-29R1 2.2 0.125 7400 0.451 334 4323 109 0.60 1275/951 --- 1800 5.33 104A
-29021 2.2 0.195 7400 0.451 354 4455 121 0.65 .... 1800 1.30 1.41
-290Fl1 0.2 0.195 7400 0.451 354 4630 136 0.63 1800 1.0 1 .36
*29guv 2.2 0.105 7330 0.451 3660 -.- 31,, .... 3

.33 2,0 0.141 6060 0.390 360 4290 83 0,2 . 027/709;; 039/60A 18"0o 1.32 1.35
-34R 2 . 0,191 8000 0.390 409 480 130 0, 4 1029/721 1056/709 1100 1.23 1.31
.35R 3.2 0.05'7 9580 0.391 440 4070 59 0.06 1040/728 1050/717 1800 1,51 1.49
-360RA 3.2 0,000 9150 0.391 009 3975 56 0.48 1106/1787 --- 3)3 l 09 1:56
-36R0 3,2 0.080 91SO 0,391 509 4940 167 0.60 ... 1121/6 80 2.28 12.16
-391RH 2.0 0,2 7 6740 0,504 412 4060 94 0.72 982/97-- 988/75 2800 1.44 2.56
-40KH 2.0 0,130 6950 0,505 388 4070 99 0.77 I025/4030* 1025/382+ I800 1.43 1,7
.45R 9 ,2 0.240 7690 0.400 403 4440 US8 0.64 106S/109I* 1087/ 83 1800 1,34 1.40
-44R ?.2 0.132 6800 0.401 403 5070 160 0.68 2276/39408 13806/?365 1800 1.16 1,17
-47R$ 0.2 0.2Z2 7340 0.440 498 4735 152 0.64 2018/1004* i033/65 1800 1.31 1.35
.48RS z.2 0.229 7090 0.440 498 4135 !5Z 0,64 i061/3909* 1078/0373 1800 1.30 1.34
-4910K 0.2 0,111 7480 1,000 408 4185 101 0,73 1167/2008* 1175/ l8• 1500 1.42 1.44
.500RHS 2.2 0.115 5750 2,000 402 4280 206 0,67 1217/980* 1230/73 1800 1.34 1.30
- SIRH 2.2 0,114 6900 2.000 398 42"5 223 0.80 1280/397*4 1295/173' 18VI0 2.38 1.30
-52RH0 2.3 0.118 5890 1,000 398 4427 a22 0.71 1.48/399* 6 l•a/ 373' 1803 2,30 1.27

• Fioa n length rf, h to m A.utont alelr .xpo.-r.; thickness reoels
to *...twoi tenUh,

-No,. to .n-di0pth lmporaturt vneA&.urrment uAtioi .
o £I-atrd.

MteriaIl T GN-oo Maltriol D1-3, rdalino 001 oort.
Saopl o F N.0'o•to R -,c.j*Io0n Modr T'm. -,..,. t2o on

.T~~V1Z ~ ~ Z -,I) .... IT71 Oat.. ralitloS Of Motu -V -at

l)-20T. - 2M.(1.2J) iW'J'n

.28A, 433S .- .-- Ooldoat i 1600 ... J1oawy oaide bildup.
.281 11 4295 ... ... Oxidation 1800 ... Some oxide broke oal, reformed,

-2801•1 4040 ..-- ... 00datt 1820 ..O. So., oxide broke oil, ,efoined,
-.280V 4125 4 53 OX datoA 1800 24 So.. oxide broke off, r.eo.,.d,
.29101 38665 --- ... Ood.Olon 1800 ... Uniform o01de buildup.

6-9001 3990 ... ... Oxidation 2800 .... Oxide broke off, roformod oniformly.
-29R111 0170 -- - Oodlatioo 2800 -.- 001d. broke O0f, reformed unifory.17
-29R4V ... ... "4 C'ld.lion 310 I3 Ox:de b0oke off, reformed 81iformly,

I33R 3830 -l2 29 00idation 1800 19 Slow, oo M oxldtton,
.340 4410 .27 20 Oxidation 1600 12 Some omid* mellted ct diles, little schvity,
"35R 3610 -10 I I O01dotio. 1800 II Little ac-11,y.
36RA 3515 "- ..- " Oxidation 313 ... Little .ctiity .

.1$6R1 4480 Is 24 .1dtation 380 62 (MIde . .otInuoly me'ted 0t edile
39-RH 3620 -6 221 1Oid0ton 18A0 229 L)8 ht ooide .lo0ly formed over 1/4 dia t. Opot,"-40it4 3U10 0 22 OxldatIoll 1800 2" Light oOide slowly lormed ovr r ,/4" diem. *pot.

-431 3so0 -22 26 OIt44.ioU. 1800 26 O.idl.,d utit.ormly, Little 8cti011.,
.44P0 4010 .10 29 Ooidation 2808 21 9 uniAormly 11112. activity,
-471RS 4275 -15 37 0 xida.tio 1800 37 Shr o.ud re lti vely cold, aim ple oxidiz0 d tnilormoly,
-480R 4275 .17 264 Oxi0ti.n1 1800 264 Shroud teIbitvely cold, vakpple oxidized tuliormlly.
.49RKH 3725 25 0x1:Od.,ion 1800 o$ LI6ht omid. formed ov-r 1/4" di4e, p ot.
.50101 3820 -13 23. 0O1idtion 1800 259 tll..ed over 3/8" diam. 800t.

-. 1RH 3799 -15 24.1 00idation 1800 24 Little v0ttbl..
-52RHS 350 .10 26 Oxidation 1003 264. 001d41.ad over 1/2" diem. opot.

4 Esilemlid, 'RAI-R 1 8a1o rat. converted to 30 minute. an hne,0 b8t.e.,

3 +19 timted.
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TABLE 391

SUMMARY OF ARC PLASMA EXPOSURES OF Ir ON C (1-24)

Idistrial 'ft N Caltlae Ic -tr
Sampl No. Sufc rdti TCA LCJIO

smitten, e Idach P e, 77 q T Complted
I i Radiation NrafCol Wall Pay and Oidd.el

et b6o No atm BTUO (Ltj BTU BTU71 Iluittonc Initial Final4. Eupoepuer hleat Tranafer Heat Trmansie
___________ -b,-. -- t Le lb 1f

Le/r~pdle(1-4) ile) (mile 1)
0.30

-9)4 0.,31 l.O0t 3450 0. 5ZI 525 6455 93 0.11 71170 393/3 30 los 0. 93 0.89
-ýiOMA 0,0 Z0 984 0.501I 345 482 90 0.9 'A bbA0,10 ...-- 400 1.13 1.09

-1084f 0.0 .02 0985 0.111 34546680 63 0.07, -- I. -- 4400 1,6 1.1
-111 0.16 10 360 0.0 3 10 455 9 0.4 64484 6989 1800 1.22 1. 21

-06 016 3.0 31 0 0.5 3 310 4995 99 0.4 695/9 .. / *a (0 .910
:l654l 0,1 .0 £15 0. 5 1103 46940 08 0.40 69 /695 690/647 (80 106 ('90-? r. 3 .0 0.000 8550 05?1 98 39980 62 0.53 99/OS 10/SI 80 1.5 .1

-9A, 32 00012260 059 302 5395 (02 0.3 lOl/i t 0 ... l30 I. 2l 1.07
-19RuA . .0 12260 0.519 3000 4800 97 0.798 . -. 67166 93 1.1 0.98o

32RA 3. 0.016 129060 0.505S 596 57080 79 05 M 99 0/999 ý66 1 2 127 1.0
.00Kv 3 0 0016 19098 0.2 506 5100 0'796 0.07* ./~ 90191 0 1,1 ,01

-R48 0,2' 0. 00 4 9190 0.900O 155 4605 98 0.46 10*00/1004 995/1S07 78000 1 , 0 1:07
-30K 3, 10 3.004 1 22020 0.9(8 194 4875 (0 0.41 10191(026 1017/1023 10 1.0 1. 10

-48.1A 9 100 21 .0 287 4810 76 030 69567 t9o69 60 .09 106
-124 0,17 [,012 19090 0,519 207 4075 46 0.2 7110 6968 180 1.14 11
-88m 0,7 1.0 09 30 0.41 287 45S50 94 0.5 701/701 698/69 :1000 1.15 1.

.03 0 19 101 235 0.5 9 088t 4615 98 04 69/90 69/9 78011709
.36M4 0,0It 1.0 3Z1450 0.500O 31 4645 92 040 699/9ý699 6995 10 .09 1.0

-37( 0,27 (.04 13300 0.50 385 48 18 04 68/8 69-- 707(07 1.06
-23K R . 0106 620 007 050 4445 69 038 100/0 901. 180 1.34 7.140

-SR 0,0 3.9 560 0.51 20 io 43 0.44a 70/0 9/9 0 .8 75
-27Ka 2,?7 0.097 5 790 0.520 196 3()-- 43 0.44 (002/70 IS0/70 1000 .01 1:.50
ii29 .. : 2.2I 0.09 0980 0.809 790 38750 43 0.:473 071 loi1/700 7795 147 1.50s

.5848* 00 .0 3160 0.800 300 4450 1 09 0.56 695/695 .. /. a.11 1.11
-361AKB 0.42 1.10 3050 0.5.00 515 531 2.00ý 0 .60 a... 689 1 .03 0. 99

+ Traeemleelciity factor equale 0.86 for eApphiri- window,.C 
T

oo dletotorld to mt. sare doe to partial coating horn-off and Irreegular
0Aftee coating burned off, py-eomtrr was sigtybiog the grapitt eubstateat. giraiphiter oblatio..

Emnitenice of 0. 75 woe.,i oeed t ther Puce Deophlte 51) m aIeognthtreetrato eanipfr length prior to serctioning; thickness
nCoating ecomipetoiori 50% 1110.555 It, . 0. 50 ot I 0.1i. et ra toer t"iunl-gh

ne Roedten, crnditmnea graduilallyciiii u feag .(rum tA (B I).

material T ,c otca erdlo Eoieit,. kItie
sample N~o. W. ic eactrecolc Mder -1m Rot- D"Ilcecpiu of mcotien P10etire Film Cucecau

Ir/C rapliiteil.24)

-91 5995 309 3172 Melting MIMIifo 105 0377 Fuel fAce melted, cooatong horn ofl conetinued to aides,

-:IOMA 4365 ... .088 1, Ablation 1400 149 Daork s1 tits on front face grew during run, Oon edge
-lOMi 4250 ... . C Ablastiton 005 meilited andfame hole which epr... dace...e front aI.-*
4161 1l30 . s 86 coidaiton fi.0 1h Deeopte kut r nin ad dleaypraln .. o.ept for

one1 neto r whc rw ner rd of -oo
-1361 4535 ... ... InC Ahlatlon 1600 -.... otn melted ott froni fact in an irragular mornoor

-168 4180 -5 48 Caldaion 7000 48 Dark'i epalaloomdtand dleayparedii center itolu
etaddto edge, thesn moat of feont facue ai coatiog

hornied olf.
-13to 850 - i odat 1800 0 Umnfoi heetiag. fittle aticiy

- 198,0 49) .' .. 1, ti me :t 30 li08 Coatintg gradually wtelle d` oft ritnt lace then aidea..
-19I8 .340 30 l08 C Ablation 90061 CepteSltt,
-SORA 5320 --- 268 Jr bin (tin4  12 3900 Ra pid .eltlng of eoalin front front and eld...
-0088 4648 89 60 C Abtatia I11O 900 Graphite ablation.
.248t 4145 ` . 3 Cloldatioo 180 0 U~niform heating, lifttle c iiy

.3011 4415 11 8 09 ndto on To. 3 U~niform beain, little ectlnlt5.~y
-4M 4350 7 4 13ioln 600 12 Litte ottky.126 4115 0 3 0oldat io 117 2 Lit~f iaihle -Iiht mtt appearance.
-IIIM 4138 3 3 Qedton 70 4 Ltteaivyolomhtng

.23M 418 1 5 Dadotlon Ii0 Little acivt 2'lfe heating
-968. 4188 4 Oxidation 1800 4 Littleacutivity, eome rougheingi ofeuae

47)4 457 , 6 .. Oxidation 11100 ---- uniform healing, anme rooubninoo ..fae.eo
-08 098 20. . Meltfing 7800 .... Ceoting faled aroiund edge nut In"etr

-058 3745 S 5 Ooidatio60 IS "ntifomhaigcitlinliy
-278i 3335 0 I 0,idat"on 1000 2 Uniform hetng 1tl atoiy

-9R 3360 6 7 Qaidato 1795 7 Uniform heatig IttIj: toiy
.31M8 3990 -.- -:. Ouldalt"'n . .-- tiropilem and 5.7 apates at adge..
.36M48A 4880 - . *.. MalttIng 8899-- Apparent failure near edge spreead inward,

*Based an. original coain thikrknee *RecessoeeIn rate noestited to 30 minute. an lineoar banie.
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TABLE 40 TABLE 41

SUMMARY OF IN- 0Ept PTI"rEMPERAIJURE fXPOSUORk, OF' ZrBZ3I- 3) SUMMARY OF IN-DEPTH TF31PE0HATI RE EXPOSURES OF HfB, I 203SiC(A-7)

Materala Mate,,al

Smple N-. Smple Re,
AaitmaitiNmat Alitteni ito.. ,

Emtacai9tcnec c N T' tIm ETttac T~tO r. c Tie.,
It = 0Si. l T [U BITR ,I k Sin, e.. at , - o.6_ (1-h-) BTU -'ru R a° .ed.J

It, ItL•iSc -1ir-a co In Depth Lb. St iarn I-. Uapth

rB (AS3) W1(16 4209.StC(-7)

57
.1MC 0. 104 4040 475 4S00 ---- zoo -)6MH 0.109 1030 513 #et0 3950 249

4110 3t 43 70 3960 690480510 ... ... 42•40 lS|i 9 tilnq htlehc 6 a tt-an hkrtl. ne fur1h.r ineeralrmnt•,.

49Z0 -m -7MII 0.405 Y,40 49% 4070 3"10 0

5040 ---- 600 4Z00 3570 671

5000 h70 Sgtti hol ame h3ee'e,, nit Earth,,rd m re m .ta,1 0 o .r...... ..

5120 1300 ISH14 0,100 8240 497 1070 .... 600

s 1 0 . . 1 0 0 1 0 5 0 . .. . 1 2 0 0
0~0• .... 1.000oIS

-6c t1 40 3..0 loS0 -192R4 0.401 6540 487 3230 2780 600

4100 3160 3. 0 1200 28a0 I200
4170 31SO 900 3190 2860 100
4490 3160 600 -40M 0.100 4390 495 409. 3620 459

4750 3220 900 4175 8440 660

4770 3300 1000 4340 3950 96%

4010 3340 1300 4580 3970 1274

4790 3200 3650 4645 9990 3005

4910 3310 1790 4670 3970 1670
4930 3400 1000 -41& 0,397 4400 502 3900 3150 393

-361 0.102 1190 460 4770 o -. 00 4230 3550 651

01960 o - 60 4S6% 3660 1004

0030 3030 600 4665 3660 1259

4910 3740 700 4870 3690 S530

00o0 3700 1000 50'0 3830 1695

5060 3720 7225 -42R 0,102 7140 498 3110 *--- 600

0350 3740 2600 1110 0460 1022
5170 3760 1800 0120 1160 3500

-4M3C 0. 3O0I 456) 60 643- 44Z0 z0 -418 0,400 7520 503 3230 Z060 600

Rapid M t-lI ng 6340 .... 61.0 02 60 07 04 IZo
IZ60 Z700 too0

-14M5 0.101 4160 491 1Z20 3070 666
03 320 7470 9•8

"A asuinia. e 1.00 at t.-ptt e tort irairetii lleD, 1200 3060 1036
3230 3060 lZ7
3030 3050 3545

1220 3060 1727
061. 0.199 4540 527 I30 2740 136

I105 2792 367
1270 2750 678
3060 2740 962

lADLE4 42I320 0700 3z93
32 10 2740 1700

S33MMARY OF IN.-DEPTH TEMPEATURE EXPOSURES OF Z 132 k+ZOStCl(A.80 -4.46, 0,097 5750 503 3450 3320 6003730 3160 1200
-47H5 0.400 6z90 489 3660 2910 600

3080 2860 1200
3660 2080 3800

Sample Pa . -48H11 0. 100 7010 492 40)0 2900 600

.a..... a it- .t 3000 2850 1243
AEn.ta Thtl knn,, q 1w T ' T , 2970 2840 1400

xie 0 ltln51.tIl a W, . 0r Tm -"0RI0 0,401 7250 492 zq7o 2800 604

0950 2750 1200
lb. Jt Src 00,1 In Qit-DAh t9400 280 1800

-949203IS o,301 6800 5iz .300 3200 60
Z 11 "20%SC(A-) 1310 1300 1200

e.-ll;II 302 3030 3800
-356 0096 0000 360 1040 190 ti,7 -51 HIIs 0.399 6520 497 3200 2670 600

362 0200 604 3190 2660 3200
1410 3230 906 3130 Z640 1800
3490 3250 1200

0470 1230 150'

-Z6M 0.395 5410 270 1560 10O0 760 Asa umItig 4 a 3.00.3 I ,peli tavmlelra tu m n Utaitramn l datltti.,
3570 3070 954
3560 1060 2075
1540 1060 2552
2560 3060 2748

-27R 0.102 7970 192 3050 2950 600
3240 2960 2200
ý Iof .... I1Soo

jLtP 0.400 7300 402 1no11 2690 600
3220 2640 1200
4340 Z6H10 4100

.29M 0.096 5350 1003 0900 3150 250
3930 3260 -205

Po.ot(- 1030) Gephir'. elir1ud •nt,.ihtilycltMed, a000
3790 3250 616
3740 32q0 905
1710 ZoO 2260
3710 3260 2721

-30M 0,395 4440 t50 3000 2470 2 "05
2990 2590 649
2975 2550 940
2975 2550 32I2
2990 25a0 101!
2975 2020 3703

-3IR 0.095 7390 440 310 2030 600
3110 2420 2200
3101 2820 1200

-320 0.399 7270 437 3260 2720 600
3240 2720 1zoo
3260 2720 1300

Asieutnilg 4 3.00 at in-depth temptrature tiealurentent ttatiton.
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TABLE 43 TABE 44

SUMMARV OF IN.-DOEPTH TEMPERATURE ICXPOSURES OF 2n5
2
,+SiC+C(A- 30) SUMMLARY OF R4-DEPTH T MPEOATURE EXPOSURES OF RYA3B-5(

IMt.rie
Material &mpl In.

a (OnonedmN

1=1 a. dW a . H EmRVa(B. Ti:0) . "
Orb.. 48 C+ 3A 50) 4T T0 8 T'lo T00 T, .53 00 F. 0..( 33.3

Emittce Ti,

4a1 3773- 3001r3 33500".5 0"F.0,5. 3500 (4
.M . o 390 46 39730 3400 5545 33(0 I S0 3 0 3050 61

3975s 3630 616 33( 310 3

4SM 0.39 35007 42 380 39 34 3300 3100 i32

390 20 S40 33902 3200 33i 3100 13
8064 3070 665
"385 3310 940 132M 0.443 2930 335 3400 2700 505
3940 3330 (25413z Zo "39160 31300 SC340668 .

.3RH 0.109 71t$0 490 3150 2800 600 1711
0370 3040 L20004 N 7
3770 3290 59100 3 0 ao Is

-174 0.393 7310 482 3560c 26 47 605,
00260 29100 1200

383740 2990 3800
14a 0. 0%c 3870 403 3665 3480 31 As.sumngln4 a 1.00. atin-depth tem'perature -. surmclt ts~tlc,

4060 34009 640
43510 3340 939
1440 35430 30769

3474 3440 (695,
-401 0.09 43290 400 4630 3010 60 UMR3FI-EPHTMEAUEEPSUE.8W1/(.8

4640 3143 (200
900 3360 107

.41K 0.400 6440 495 5630 298 400SUMROFI-ETTEPRUE XoRSOrWi/Gks
4230 9340 3200

4370 2930 (400 Materill
-42M43 0.500 4000 939 30Z00 a 280 141l Sampl ...d N

3000 2940 480 Aeiun-a Nhn 4_2990 29z00 6.03 Em85nc Thck*a e 
9
cnn

3000 2930 94 ni at 0, 65k. (Onehe ELU 323OTU 0 (Seconds)
2940 3890 5344 56, 47 vt.IDph
Z930 2890 301Isec Orlc n-et
29,05 2080 3700 XIN&III a1) (0) 'i

-43140 0.305 4040 403 2965 2540 2(8 6 5.60 18n1on 3Q0. (
303 0 060 0 665 -m 174 0.0 3500 320 0600 3368 405
2900 2530 943 33.20 3200 636
2965 2s665 326 00900 l 941

sas 065 3330, 14

-4415 0.094 74W0 495 3850 0320 40 0-106 0"200 325 IN6 049 290 130
440 3283 o .0030 0470 31 9000 1130
4753 3220 58001

-45RS 80.99 7410 495 3000 0880 600 3490 3070 3250
9531 Z870 1 oo 3490 333110 3560
sajo f87 3 48 333 3760

-4611H 0.106 7230 S01 305,0 3900 6000 -59643 0.094 08 35 0 890 310 zg 670 243
3003Q4 200 020ais 740 64.0

310 302 (20 is( 2740 90

-48KM 5.404 6350 492 3030 .740 40 860 277 I06

3030 2750 3000 2Z860 270 (48300206180"0 277 (622
-4K 00 270 300 .20640 0.000 3160 304 0945s 2172 370,103S 423s600 307 4060 3040 3.0 090 60 39

60100 3141 zooZII *A291~~ .690 1 tconr19e

$30 32a



TABLES 46 TABLU 47

SUMMARY Or IN -DEPTH TEM PERATURE ZIOPOSURICS OFr6-Oa.U(.3 SUMMARY OF ON-DEPTH TEMPEEATURE nXPOaSnR Or 11I-06T..3M00.(Z 3)

M~t~rialMwiaohl
Sample N.*, Sep 4 N4..
Aescm*4 N£4.... Ib T 'I TTiimme0946 ~k~e
E.,J((.nc. Thick. i. Tim.TTl* kds

at *0. 60k ((n-h..) BTU PrU . R (Sconds) tit k 0.651, (tack..) BTU BTU 9 (11"itd.)

1b. 5-Sefac. -.D~ (b I0~eec Marbis. la. Depth

Hf-OaT_2-Mo(I- 03) £40-ZOTt.0(do
0.99 s 0.99
-lUG 0.097 3000 42S 3090 3400 09s -53M4) 0.100 3540 493 41430 0444 Dig

42 30 360% s ,0 4490 379* 4351
44665 07 95 790 44"0 349" 14,
s069 3940 (300 04900 40 £
9130 3920 1400 4440 3470 (63)
5220 399" "'00 4440 3"ho £71

-2MG 0.093 33S0 600 4360 3629 190 -3IMH 0.396 3220 426 4960 3090 140
4499 3740 fls 4440 3319 941
4890 33417 400 4440 3154 02599

5270 3900 600 4660 0330 £914
93510 3740 S00 4669 3330 (7(2
5339 3110 900 -39SM 0.100 4740 4(2 4664 3600 400
1240 3760 1900 4610 3400 6300
931(0 3640 0600 414@ 340 to00

-3MG 0, t00 3360 010 5000 3640 00 .40914 2,410 6960 366 4069 3276 4.00
S030 3690 3o, 4(30 02.69 1200o
0339 3 900 uSt 4(0 0300 6800
5400 3920 (100 -£464 0.M 0600o 456 4440 IS(0 30

Y09 4075 1330 441£ 3440 440
9309 4220 i4995 44$ 310 04£ 274
9340 4000 5060" 4440 3910 6644
5050s 4600 i565 44650 3960 £740
9670 4860 1970 -09M 0.400 3120 411 4760 3210 340
9799 (9347)9 0070 4800 3200 47i

.4MG 0.099 3060 460 4770 360 0946(0 33510 94

930 3600 340 40 329 6264
5(99 3700 450 4830 3240 (49
3936 3040 go0 4600 3340 170

1626 36:00 (±0 -439 0.1320 7690 107 4270 3670 690
o1i 3( £940049 60 10

99 36(0 (800 4630 3640 £600
6 0001 .- ~ph ~meni~e ,..o~mnh.1100 44R4 0.1199 6800 403 4760 .... 600

-A-mit 1.0 1&.d~thtm -m o4940 IS.O66
9*AM.i,g ob-sr.d. 5190 ... (00

-46MB 0.099 3700 446 3960 3200 (70

3470 3.60 £004
3720 31"0 £627
3705 3130 £703

-44642 0.393 3760 470 3920 8600 3600
3940 379" 60
3970. 3790 943
4620 8790 (340
4£8 0 1§00 (643

It4210 2790 1720
-47R5 0.100 7340 496 4480 0270 400

4650 3160 6200
4640 3140 680

-4696S 0.400 7090 498 4m0 2749 GO0
4490 2740 (200
46440 3100 k(600-

-49RR1 0.206 7460 406 4 100 3440 4600
4220 3440 200O
4270 3440 L(Goo

-501RH 0.400 6900 396 40 30 3040 400
42190 3244) 1206
4340 31240 11800

-909100 0.104 3750 400 4164 3420 480
03(0 3420 1004
4370 3 370 (l40

-009MB 0.396 5690 396 4310 74970 600
:4490 0970 1800
4600 2980 (6100

Aus,umiq 1 ,00 at (a-depth 9*mperature mflhior-or..t shoesm.
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TABLE 49

COMPUTED TEMPERATURES FOR ZrB2 AND HfB2 AFTER TWENTY

SECONDS UNDER 10 MW ARC CONDITIONS

(i = 2000 BTU/lb, Pe = 4.3 atm)

Cold Wall Heat Flux
Distance from (BTU/ft;Z sec)
Front Face 800 1000 1200

muig

ZrB2 (density = 375 bs/ft)

Radiation Equilibriium 1530 F 4640°F 4715 F
(Eqs. 2, 3)

0 3221 3498 3708
250 2557 2814 3018
500 1887 2122 2318

1000 1029 IZ45 1437

HfB2 (density = 625 lbs/ft3 )

Radiation Equilibrium 4530°F 46400 F 4715 0 F
(Eqs. 2, 3)

0 3298 3571 3770
z50 2577 2833 3030
500 1797 2034 ZZ24

1000 461 688 902
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TABLE 50

SUMMARY OF 10 MEOGAWATT ARC 1UH~u FLUX

EdXPOSURE CONDITIONS AND REJSULTS

AsswmedAs"TIC1411TO"3
k.33ac bl"U (1dmhm* e3okro

a .405 Mou AU 0 ;F) 1CNIgI£ G.*3.. ofamc~ T3ati..w Rac..el ronse F.. -1

6.3P 3960 0.975 RS8 4820 1.01 0.90 4160 10.1 23 Th. huck 2.. ,

a10 V.6130 0.475 495 3761 1.28 2.28 3308 20.3 1 Ldaslms 12.. 0.4

ITSO6,?ax .7 19" 4068 1.21 1 .3 260 0. .2 Th. 4101 Lavu.eraka,4180
-10.11 6.40 2030 0.871 711 7930 1. 6 3.14 3.410 20.1 .3 81h. Large Cruceb (mat

*Hzs .30 6 13"" 3100 0000 826: 4870" 3.:07 1.04 4488 20.0 Th. ab.08.4 Larog GOmela(80
.0 68.51 m59 0.100 3130 4930 3.23 1.113 4460 1. .. 1.38.46.1 Laws* Crooke a3

3:91A6.7 208008831 1.42 .3 3120 30.9 . taM0
.3723 6.00 2210 0.5000 41 320 3.23 .1: 38i0 28.0 30 ~ 3o8I.. .m0

.3.8 7.22 3640 0800 O40 4161 1.34 8.30 270 131,0 1 0111061". eid

.187.14 1.42 a"9 0.800 9"66o 610.8 .02 M31 10.1 Oil 18.0mbt Ltg cree.. I
r37.1 1.06 a140 0.8"0 940 We0 1.88 .0 4190 20.2 21 0.34.30.. i

N.3671 7.01 103l 0.100 2391 104 1.08 1.0 N 08 U 3 9.9 3.& Th.m au LargeChaha 1i"

MR. 1 42 so8 w/ (A-7)
H.13.2 6.61 a200 0.To78 07 3960 1.10 1.22 1100 S0,3 1 5 .3ulm rue. C18 330i I

487.39A 6.4 11300.87911 717 4040 2.29 8. 31040 Ica - .........

.00.393 6.86 31111 0,872 S40 44a813.36 3.2 400 22b0
w.m01 7.36 3730 11640 94100 1.33II .00 4630 14,1 al 05181w wom
W-0311 6.81 2110 6.804 134 4990 1.64 1:41 4010 t0.2I w T~kt isae

.1H7.)4 6.S) 186.0 0.000 0310 640 3,04 3.01 1730 34.1 24 lh,8X WSreh

2 .946 V I$moIa 0.1 64 Th's.+14oM Lup a548

"N ..........

.20'.711 6.IO a13m 9.16 12 800 6 0.9 4340 33.6 ; ft 8168.8 #MO& Ob &A"0Wo

.3.2 6.40 It"8 0.01500 747 60 3.06 10.9 410 20 6 T.13s .apnk(08

$11,412 6.1 22ON 0.I 78o 4H60 3.23 2.36 10 0. . 098a

.. 33 6,41 1 2300.7 8 472 31 214 930 2. 6 Th,8bh Lq06k (h

It $9b:w 45p IA;.Lm Iy30 y a3N Tbe337.4* uml
14t11 6.r9ms 2031 0b.4a3.. In I 61 .i 70 tll 3 .h

q abwa A.e11 aad.ee,.kba
Iffl1 07 74-O --.- 2 "an ri rak.11

Hr- 6.0 3300.06 al OG : a oka 327 4 T, 1w os@Qsk



TABLE 51

SPECIFICATION OF FLUX-SIZ.E TI-RESHOLDS FOR

THERMAL SHOCK FAILURES OF BORIDE CYLINDERS

No Thermal Thermal Shock
Material Shock Noted Occurred

1I/2" Diam 7/8" Diamn 1/Z" Diarn 7/8" Diam
BTU O BTU.

Fqcw-)) (Tax (qc - 2 -- ) / (T F)
ft sec ft sec

HfB 2 (A-Z) ---------- (695)/(3305)* ----------- (785)/(4360)

HfB2 (A-6) ---------- (733)/(3470)* . (799)/(3600)

HB 2 + SiC (A-4) (940)/(5170) ----------- ( 966)/(5170) -----------

HfB2 + SiC(A-7) (948)/(4610) (787)/(3500)* (1306)/(5780) (840)/1(40Z5)

ZrB2 (A-3)- - ----------- (800)/(3820) --------- (960)/(5370)

ZrB2 (Avco) ----------- (714)/(3415)------------- (811)/(4340)

Loride Z (A-5) ----------------------------------- (714)/(4380)
(747)/(4160)

ZrB. + SIC (A-8) ----------- (787)/(3700) ------------ (852)/(3910)

*Cracks revealed by NDT dye penetrant test and metallographic examinations

of selected samples.
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TABLE 52

SUMMARY OF ARC PLASMA EXPOSURES OF PIPE SPECIMENS

IN' THE TEN MEGAWATT ARC FACILITY
(Mach No. =1. 73, Stagnation Pressure 6.0 4trn.)

30403 P.3.Pipe skeat r fia.0pl Wright. 1o30..o3 Diameter Test

ISTU/blbIM4T11/1111860 I(36./ft- ,T o

HUP2 1 +*20%1C1A-7)
lpp UP 194 480 04.9 so$ 0.40 34.44/34.44 0,408/0.610 10.00
31PP DOWN 39"4 0, 480 148 270 0.40 36.10/36.19 o.604/0.604 10.00
.3PP U P 3580 410 a4.4: 4 0 .0a40 3:.9/19.1Lo 0.607/0,408 10.02
.4ep DOWN 1520 410 24.4 2270 0.401 3 .37/31.3? 0. 606/0.~ 3o 0.03

Zen& t430M5C(A.81
.iPP up3 0940 460 2i.0 a 00 0.60 11.87/Zl.19 0. 04/0. 604 9.99

leP DOWN 3940 480 04. $422 0.4 as84*34 0.604/0,60S 1. 11
-3pp 6000 990o *.14 o9 04 600/l9 ,4/0.40 9
.4PP DOWN 4000 390 26.4 4240 0.0' 21:09/1119.1 o 0.401/0,608 111.61

Z.0048C+cf^- 10)

A1pp UP 3940 480 04.8 004 0.60 1 7.94/17.94 0.404/0.605 10,01
I"P0 DOWN 3140 480 064. Z600 0.60 l:. 73/jo.,74 0.04/0.60 30.00
.IPP UP 4000 194 04.4 .44 0.60 38,33/15.06 0.6067/0.609 4,:93
' 4PP DOWN 8000 190 26.4 3040 0.40 18.40/18.17 0,404/0.4608 4.93

-330? UP 3099 472 26.6 40* 0,70 914.ib/1697 0.6181/0,616 9.14,
-1PP DWN 3890 47 26.5 3000 0,70 l7.04/7.l.10 0.4137/0.611 9."4
.3pp up 6000 09 26.4 444 0,70 17.a9/17.153 0.431/043 9. %
-4PP DOWN 6000 090 16.4 4200 0.70 17.0/16.9% 0.460/0.431. 9.96

KT-SICIE- 34)
*Ipp U P 3991 400 26.9 $04 0,70 101/1,4 0.603/0.402 10,00
.4PP DOWN 3999 440 34.9 0400 0,70 104/'12's0 0.401/0.604 10.00
Slop UP 4000 09 a2.,4 04* 0.70 It13103 0.01 9.

.4P DON 000 190 24.4 0,370 12 48/13.3 040/ ,
I- TA.MolI.23)
*LP L11

0 
UP 940 480 04.8 *** 0.59 44.76/ ... 0.629/00 5.74

.2pp DOWN 3940 380o 1.8 30707 0.18 46:98/.75.31' it,43g/4 0.74
Slop UPF 3130 410 24.4 55. 0,91 44.40,14.441 0644/,3 4.7
.4lp DOWN 3010 410 14.4 )10903 3.13 40.90/30.73 0,146321,437 ' 4,1?0s

'A c31.ronsisted of. aPal? of sanmples donated as lou9530440" and4 A Combined -eight of 1,21 1 IPP and -*PP.
"do~lele~l00 *4 lmpl. m.3t.d and distorted.

5*4 No mesur.lement made upstreaon. pyrometerslal on 0.10"4 spot 3/211
inside roar of da"Wo.3olm complo.

Stmplo No. Visooal Obsteoyio3I lwoirlulo. o Mo It. ktIlP1000 3.0GI00

N112 l20%&iC3A.7)
"* PP Seisof. radial0 crack,, INNl8it34ull~ c.0,,6a 160" 0firt
32pp 8.01*. .1 radial -&a.k., .4*4003 long¶itudinal -A,. IN.. N *337014.

6 .3pp Hall- te smple aliveooI1 cracki.dr 1.l lightly -,aek.d., oatvtyvsbr
S411% CVA'4o4 radia1ly and Ionjill.disailpy. Ud,.~~,0 ci~yv~4

Zo5a, le 9M0CIA.8) ns4red.NAcityvib.
epP Cracked Ioaglludinally sm hal,

.1P p,5 90.1. ti 04.45,1 cr ck 'soirly .ff, 34.. spot -asewido.i
JIM9 C'raned radially .. d lo~8igitdi-l~y,

.4309 Cracked ,ad..Ily and longitudinally.Or.p.d tts.1153.

-1303 No Vlothl. crack.,

".iIlP Cracked 'Ni418117 .0. hogall a -r.s. Kai4. spot arimmod ti.rimo, #on,# spork.s bluivlsg back,

.0930 ~ ~ k: c, Alma43 A0,. 03. side We.n.d ti11,
43pp No zi1.31 cracks, -sii .0ssdo Woedol,3qvid sreselnom etkealy sr iii bak.... sparks5040 4.4.me bck

.4PP Crocked lon.gitudinally it. h.31,

.9309 Cracked longitudinally in hltll cod spotI~ at44, I"* s4* liPd soommd 0.0308
.499 Crackod 1041410i7n IhalfAd. radially~p~l,50 90 r~id0.38

*PPe Burned toh ... nat-rIn,, eroded bh.43* h,.1,
.039 Lop po olnmlted away, -ring4 at4 #a degra1*,,, Vory hol Around 9-ie. 1th 34. mon.Isd rapidly.
.. pp turned Ihitoug 1-o. pins0 back. Urid. poosp4d, ti-Avilvity visible.

aV,lually P", ""mpl " "0",e "n~ai, o ' "00 , 03301 hore lh.C oerra',.r Nt eghtitig ift"I4. T, 01 downssroarn5.0..

'a m In c' orim with, 340 a. irlng. .9 the 8omplo h03ding l[ mo. , Do.. NiptI None ". ppltoy to 1, INN. l sampe b ehao r."
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TABLE 55

CAMERA SETTINGS EMPLOYED IN WAVE SUPERHEATER EXPOSURES

Focal Shutter
Camera Film Speed Length Aperature Speed

Run No. Number Frames/Sec of Lens Stop Number

-473 1 zoo 3 inch fZ. 8 5 Ektachrome
EF

aZ50 4 inch £5.8 5 Ektachrome

3 Z50 4 inch £4.0 5 EF

4 600 11 inch* f5.6 40 ER

-474 1 ZOO 3 inch £4.0 5 Ektachrome
ER

Z ZOO 4 inch £5. 6 5 Ektachrome
EF

3 ZOO 4 inch f8.0 5 ER

4 600 11 inch* ---- 40 ER

*Effective focal length.
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TABLE 56

HEAT TRANSFER RESULTS

Run No. 473 474

AT
At Rate of Temperature Rise - deg. F/sec 780 880

8 Gage Thickness - in 0.1260 0.1265

T Average Thermocouple Ternp at Time
of Reading - OF 360 350

c Corresponding Specific Heat to T of
Copper - BTU/Ib - OF 0.096 0.096

Sqw Indicated Heat Transfer Rate - BTU/ft2 -
sec 440 485

Gage Surface Temp - OF 410 395

w Gage Surface Enthalpy - BTUI/b Z10 205
i Total Enthalpy of Stream at Time of

Reading - BTU/Ib 1880 1870

qcw Cold Wall Heat Transfer Rate -B TU/ftesc 495 545
R. Run Enthalpy - BTU/lb 2200 Z180

qcw Cold Wall Heat Transfer Rate Corrected
to Run Enthalpy - BTU/ftsec 580 635
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TABLE 57

TEST CONDITIONS

Run No. 473 474

Rotor Total Pressure - atm 98.2 96.9

Total Temperature - OR 6740 6700

Total Enthalpy - BTU/lb ZZ00 2180

Tunnel Reservoir Pressure - atm 56.0 55.0

Test Section Stagnation Pressure on
Model Nose - atm 1.15 1.15

Free Stream Mach Number 5.45 5.45

Free Stream Density - lbs/ft3  8 x 10-5 8 x 10-

Free Stream Pressure - psi 0.65 0.64

Free Stream Velocity - fps 9700 9700
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TABLE 58

WALL TEMPERATURE AND HEAT FLUX HISTORY FOR THE STAGNATION

POINT OF A 0.500-INCH RADIUS HEMISPHERICAL NOSE WITH

A THICKNESS OF 0.125 INCH

Time Tw (R) qAERO qRAD NET

0 560 464.1 0.026 464.1

0.5 1090 431.8 0.370 431.4

1.0 1302 418.9 0.753 418.1

1.5 1481 408.0 1.26 406.7

2.0 1650 397.7 1.94 395.7

3.5 1814 387.7 2.83 384.9

3.0 1972 378.0 3.96 374.1

3.5 2126 368.6 5.35 363.3

4.0 2274 358.4 7.01 351.4

4.5 2417 348.3 8.93 339.3

5.0 2554 338.5 11.14 327.3
6.0 2813 320.0 16.39 303.6

7.0 3051 303.0 22.7 280.3

8.0 3269 287.4 29.9 257.5

9.0 3468 273.3 37.9 235.4

10.0 3648 259.8 46.4 213.4

11.0 3808 246.3 55.0 191.3

13.0 (4146) (146)*

15.0 (4405)* (96)*

*Estimated by hand calculations.
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TABLE 59

WALL TEMPERATURE AND HEAT FLUX HISTORY FOR THE STAGNATION

POINT OF A 0. 250-INCH RADIUS HEMISPHERICAL NOSE WITH

A THICKNESS OF 0.125 INCH

Time T R) qAE1O "qRAD qNET

0 560 653.0 0.026 653.0

0.5 1293 593.1 0.732 592.4

1.0 1576 568.7 1.62 567.1

1.5 1812 548.4 2.82 545.6

2,,0 2032 529.4 4.47 524.9

3.0 2441 490.1 9.29 480.8

3.5 2629 471.0 12.5 458.5

4.0 2808 453.0 1603 436.7

4.5 2978 435.8 20.6 415.2

5.0 3139 419.6 25.4 394.2

6.o 3434 389.8 36.4 353.4

7.0 3695 361.8 48.8 313.0

8.0 3919 335,0 ' 61.8 273.3

9.0 4113 311.9 74.9 237.0

10.0 4279 292.1 87.8 204.3

11.0 4421 275.2 100.0 175.2

1Z. 0 (4576)* (140)$

13.0 (4700)* (1121*

14.0 (4800)* (82)*

15.0 (4872)* 167)*

*Estimated by hand calculation.
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